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THE RELATION BETWEEN PARAMETEKS OF AN OPTICAL INFORMATION
PROCESSING SYSTEM AND CHARACTERISTICS OF THE OPTICAL ELEMENTS

Leningrad OPTIKO-MEKHANICHESKAYA PROMYSHLENNOST' in Russian
No 8, 1978 pp 5-7

[Article by L. I. Aakopov, A. A. Ayazyan, V. Yu. Fedorov, and
Ye. G. Tsitsishvili; all figures missing in originall

[Text] The relation is defined between the frequency con-
trast characteristic of an optical system and the
basic parameters of an optical information processing
system: volume of information, speed of operation,
and reliability, which are determined by the density
of information channels and the output power ratio
between "one" and "zero" signals.

Recently in the development of computer equipment a great deal
of attention has been given to the creation of systems for
reading, writing, and transmitting discrete optical information
in pictures (large blocks) consisting of combinations of light
("one") and dark ("zero") points [l1-4]. Therefore it is
necessary to evaluate optical elements in order to determine
the possibilities for using them in computer systems. The
most important characteristics of these systems are volume of
information, speed of operation, and reliability. These
parameters are interrelated, since the operational reliability
at low signal levels is determined by the ratio of the energy
of the "one" signal, Ij, to the energy of the "zero" signal,
I,, at the system output, and the value of these energies is
related to the dimensions of the information points, the light
flux density (luminance or illumination) on them, and the time
the signal is present at the photodetector.

1
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However, optical image transmission systems are characterized
most fully by the frequency contrast characteristic (fec) [5-81,
which is essentially the coefficient of image contrast trans-
mission as a function of the spatial frequency.

The light intensity distribution in the image plane i(x,y) is
defined by the expression [6,7]

oo
Hx y)e= [l OGO S(x =t y—0) di, (1)

where o(t, ) is the light intensity distribution in the object
plane (the information picture); Swx--§y—?i is the "scattering
function" describing the light distribution in the (x,y) plane
produced by a point source in the object plane (& %. It is
assumed that the "scattering function" is independent of
possible noise (such as flashes in the image plane and the dark
background) . Therefore, strictly speaking, the following
results pertain to "passive" systems of this kind.

Clearly the most “critical" type of information picture is the
case of a "zero" surrounded by "ones". 1In this case the light
distribution in the object plane may be expressed as

s

0 =0, ‘(E. )+ (So— Jy) rect (3‘;_.‘) I:QC( (%r)' (2)

where 0,( t) is an infinite periodic function with basic period
a (equal to one step in the information picture) having the form

. a . a
Jnlwh,en“l".{”‘-l“’?o
a a a.
0, y={wnenltl <7 T <ICI< T
a a a
Rl<p 7 <I8<T:

Here J] and Jo are respectively the intensities of a "one" and
a "zero" in the information field.

Formula (2) is written with the assumption that the linear
dimensions of the information picture are much greater than its
step, a. Having obtained the Fourier transformation of
functions O %) and S(—§ y—¢) and noting that the transform of
the function Six—i y—% is the fcc t(exuy) and integrating
according to formula (1), we obtain

i(x, y)= 2 D,,,,,1(-':—, %.)e—,,—l(mnn.v) _

A,M D> — 0

o I X
\ h=Jy sin 5 o asin oy
- =2 du:dmy ————-——u;;y———— X
—c

Xt (“’x- m,) e?r.l (nx.\'—m’ y). (3)
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As follows from (3), to find a clear form of the function i(x,y)
it is necessary to know the analytic form of the fcc t(wpw,) or
to perform the numerical calculation (along the specific fce
curve for each optical element). Examination of only the periodic
part of expression (4) simplifies the problem considerably and
makes it possible to obtain qualitative results as well. Under
these conditions the information picture is a collection of all
the "ones" between which appear nothing but "zeroes". Since
for such an information picture the ratio I;/I, is less than
that of the real picture, it is clear that the results obtained
in this case will be low.

The intensity distribution in the image plane will be of the
following form:

w 2 ,
1(%, y) = Dt (0,0) + 2 2 D,“,r(-’;—,o) cos 2= ny +
net .

+22 Dmt(%-.o)coszf-mx+:i ED,,,,rx

m>1 n,m>1

nom\ o %2
x|z a)cos == my €03 = nx,

where
- —Jo =
Dm-=;“4 4, Dm-J‘n ®sin g m;
Jy— 7 ’
Dnm=;T,,,,,{°‘5‘" -;—nsin ;;'m: n o0, mop0,

If the image transmission scale in the periodic picture case is
taken to be one, then the energies of "one" and "zero" at the
output of the system will be, respectively,

RS
4 4

W [ (e y)dxay,
-5-%

and

a 3
T 7° . .

L= | ay j{(x. y) dx. (4)

[

aln

Performing the integration, for the ratio Ij;/I, we obtain
J [4\2(J, 14\ (4, '
) s (=)t E) - )e
4\ (7,

e (H%)t(o)—%(?)‘('ﬁ_')s" | :
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. where

o[ a0 =) |
W e
S\ ea J (-* T 0) =Ty

ANl

S, e ‘§‘1 . Ml Wt} 1
1 no! a (N~ 1)1 (2m - 23 °

nmct

It should be noted that in general the fcc is a two-dimensional
function. However, in view of the fact that the optical
elements used must be axisymmetric, but the image plane must
coincide with the surface of the image of mean curvature, the
fcc does not depend on the direction of the spatial frequency

and —
. (_';:, ,Z_),m (.Kr.‘_ai_"_)

Expression (5) with a known fcc makes it possible to construct
the ratio I1/Io as a function of the density of information
channels. Thus, for example, the fcc's presented in fig. 2
(for J1/Jo=20) represent the functions shown in fig. 3.
Corresponging to these curves, for information densities of
interest it is clear that S3< 1.2 T(0) (the series (4) with
n,m> 3 quickly diverge), and I,/Io4 8. From formula (5) it also
follows that with sufficiently large values of J3/Jq, (specific~-
ally, Jl/Jo>> 3), I1/1,<13. For a given value of the ratic
Il/IQ, Formula (5) makes it possible to estimate the corres-
ponding minimum value of Tuin(1l/a), and consequently also the
maximum possible operating density of information channels
satisfying the required relation

1
| o (3= (4] e o) -
() Y+ (G [ +) X wmmw-n
ny! n,m>
A=, mokl ’
mei, gl .

Thus, for example, for J1/Jo=20 and I/Io=4, Thain (1/a)=0.62 T(0).

As indicated, examination of a periodic picture gives a low
result. At the same time, the largest value of T(1/a) obtained
in examination of this picture is greater than the value of
Topll/a), corresponding to the true value of the operating
density of information channels. It follows that an approxi-
mate estimation of the operating density may be obtained from
expression (6).

4
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Thus examination of a periodic picture makes it possible to
obtain relations from which cne may determine, according to
the fecc's of the optical elements, the operating density of
information channels in an optical information processing
system as a function of the required value of the ratio of
energies of a "one" and a "zero", Ij/I,.

However, it must be taken into account that I;/I, is the ratio
of mean optical signal levels, which are of course subject to
fluctuations. The degree of these fluctuations decreases as
the signal level increases; that is, in order to guarantee
reliable operation of a read/write system it is necessary to
maintain the signal level as the signal passes through the
optical system. There are methods of determining both the
degree of fluctuation of the signal levels of "1's" and "0's"
passing successively through an optical system [9] and the
optimum receiver threshold providing the minimum probability
of signal detection error [10]. If npj, is the minimum number
of light quanta providing a given probability of reliable
system operation and A t is the time the signal acts on the
photodetector, then taking into account the fact that the
signal power is .. £ (N is the number of information channels

Nz
- per unit area and E is the value of the density), we obtain

EAt ¢
—N; =4h T Pmin,

where h% is the energy of a light quantum with wavelength A.

Thus in choosing the parameters of systems for converting and
transmitting optical information it is necessary to take into
account both the fcc (the determination of the density of
information channels) and the indicated mutually limiting
relation between the speed of operation and the light flux
density of picture elements.

In conclusion the authors express their gratitude to M. Ye.
Perel'man for his interest in the work and useful discussions.
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EVALUATION OF STAR SENSOR ERRORS IN ELECTROOPTICAL DIRECTION=-
FINDING INSTRUMENTS

Leningrad OPTIKO~-MEKHANICHESKAYA PROMYSHLENNOST' in Russian
No 8, 1978 pp 8-9

[Article by V. D. Smirnov]

[Text] An analysis is made of the effect of primary star
sensor errors on the accuracy of determination of
the direction in space to the star tracked. Formulae
are derived determining the instrumental errors of

. a generalized model of a three-axis star sensor based
] on a two-axis gyrostabilizer. An expression is
obtained for determining the magnitude of the total
rms error of the star sensor.

Astronomical equipment has found wide use in highly complex
navigation systems ([l]. The basic subassembly determining
system accuracy is the star sensor, which may be implemented
both in a television version (an astrotelevision system) and
in an optical tracking version (an automatic optical star
tracking system). An analysis of the effect of instrumental
errors of the star sensor on the precision with which the
coordinates of a star are determined is necessitated by
increased requirements for precision in astronomical equipment
used to correct navigation systems [2].

The effect of instrumental errors on the precision of deter-
mining a given direction in space is most conveniently investi-
gated by the method of solving spatial problems which was
proposed for application to angle-measuring instruments (3]

and is based on the use of spherical trigonometry. As distinst
from optical angle-measuring instruments, whose geometric
schemes are most often implemented in the altazimuthal version,
star sensors may be built in any of three versions: ortho-
dromic (horizontal-cruciform), equatorial, and altazimuthal.
The most widely used are the first and third versions.
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Therefore it is appropriatc to examine a generalized geometric
. model which combines the orthc-

dromic and altazimuthal schemes.

Chosen as the model is the

five-axis systewm shown in the

figure, including a three-

axis star sensor and a twoe-

axis gyrostabllizer. The

measurement axes of this

system are a-a, b-b, and

1-1. Fixing one ot the axes

(a-a or b-b), one obtains

the orthodromic or the

altazimuthal version of the

system. Axes c-c and d-d of

the two~axis gyrostabilizer,

the roll and pitch axes,

stabilize the me:curement axes Ggometric model of a

of the system in space. five-axis system.

The reiation of the altitude h and bearing angle p of the star
to the angles b, 1, and ¥ measured in the system is determined
from the spherical triangle SAZ by the following equations:

slln I e=e cg)s lco,: b, i

sin (Y —B) cos h =2 sin ! co

sin b =2 c0s (4?— 8) :o':x hc.o' b (1)
The equations relating errors in altitude and bearing to errors
with respect to the measurement axes may in the linear approxi-
mation be obtained by differentiating (1):

Ak = — Al cos bsinn —Abcosa,
A3 cosh en — 8l cOs b cosa - Absina — A% cosh,

(2)

where 81, Db, and AY are errors with respect to the measure=
ment axes caused by faults in the manufacture and assembly of
the system; ® is the angle between arcs of the great circles
[«—(90°~b) and ~h] in the right spherical triangle.

Errors in the determination of a given direction in space by
the system may be suitably estimated by the magnitude of the
ellipse of concentration on the celestial sphere with respect
to the point whose direction is to be determined. The
resulting magnitude of the ellipse is independent of which two
axes (one of the measurement axes is unnecessary) the initial
instrumental error was preliminarily assigned to. Therefore
in further analysis of the given geometric model instrumental
errors resulting from construction faults will be assigned to
the b-b and 1-1 axes of the system.

8
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Treating errors A b, Al, and AY as random* and mutually
uncorrelated, on the basis of the system of equations (2) it is

simple to proceed to the rms errors of the system in altitude
and bearing:

a3 =2 07 c08? b sln2 2 o 33 cos? a,

o3 ¢08? == o cox? b costa o2 sint a, (3)

The system of these equations determines the desired parameters
of the ellipse of concentration of the point of intersection of
the sighting line with the celestial spherse. From (3) we

obtain a simple expression for determining the total rms error
2

° =03. + ogcos'hucfcoslb.;-uz.

(4)

The task of the following analysis is to determine the relation
between the magnitudes of errors with respect to the measure-
ment axes of the system (b-b and 1-1) and the magnitudes of

the initial faults producing these errors. Among initial

faults in this case we include those faults in planning,
assembling, and aligning the instrument which will, as the
system rotates about its measurement axes, lead to a deviation
of the optical axis from its intended trajectory in space.
Included are non-orthogonality of the vertical axis of suspension
a-a with the outer measurement axis 1-1; non-orthogonality of
the 1-1 axis with the inner measurement axis b-b; non-ortho-
gonality of the optical axis of the system with the b-b
suspensiog*axis (collimation fault); and tilting of the vertical
axis a-a.

Instrumental error resulting from the fault of non-orthogonality
of the a-a axis with the 1-l1 axis is assigned to two axes and
is expressed in the form

Ale=eytgbsinl,

Ab, = ¢, (1 —cos ), (5)

*Errors Ab, Al , and AY result from a series of random faults
in manufacture and assembly having a Gaussian distribution.
Therefore they also are random and are characterized by the same
distribution.

**Pilting of the a-a axis is a fault not of the star sensor but of
the stabilizer and therefore will not be considered in the
following. The effect of this fault on the measurement of altitude
and bearing is determined by the well known relationships [1]:

Al == Qi sin 3 4 AU cos B 1 AS-=1g it (37 cos B -+ A0 sin B),

where Ai and A6 are compensation errors of the roll and pitch
angles.
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where ¢ is the magnitude of non~-orthogonality of the axes.

Errors produced by the second fault (non~orthogonality of
the 1-1 axis with the b-b axis) are assigned to only one axis
(the error assign»d to the second axis is negligible):

M= g b, (6)
where 2 is the magnitude ov non-crthogonality of the axes.

And finally the instrumental error resulting from collimation
fault is also assigned to only one measurement axis:

1
‘”"”'k(éosb—l)' (7)
where k is the collimation fault.

The formula for the total rms error produced by the faults
examined above, based on the expressions in (4) and taking into
account equations (5)-(7), assumes the form

G e { :",1 (1 ~- cos b)2 4 a?l (sin2 b sind{ b (1= cos )2 -
+ o2, sint b}'7, (8)

where ok is the magnitude of the rms error of non-orthogonality
of the optical axis with the inner suspension axis; O’¢c) is the
magnitude of the rms errdr or non-orthogonality of the a-a

axis with the 1-1 axis; and 0%, is the magnitude of the rms
error of non-orthogonality of tﬁe inner suspension axis b-b
with the outer axis 1-1.

It should be remarked that in optical angle-measuring instru-
ments one of the manufacturing errors listed -- the collimation
fault k -- is usually reduced by adjustment during the tuning-~
up process, and therefore its effect on the total rms error of
the systen is minimal (the magnitude of k does not exceed a

few tenths of an arc minute).

The two remaining construction errors cj and cp are not elimi-
nated in the tuning-up process because of the complexity of
adjusting the suspension axes. As a result their magnitude

is determined only by the technological precision of the manu-
facturing process and attains somevhat greater values (0.5-~1.5")
than the collimation error. Thus, taking into account the

fact that the greatest contribution to the total error is made
by the second and third terms in expression (8), this may be
rewritten in the form

o == |}, [sin? bsinad-f (1 —cos I)t) + 37, sin? )2, (9)
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Analysis of the formula obtained shows that errors in the
generalized geometric star sensor model examined are minimal
in the region near the zenith and increase as the sighting
axis moves away from the zenith.

We will determine the specific value of the total rms error of
the star sensor when it operates on the horizon; i. e., under
conditions least favorable from the point of view of the
accuracy characteristics of the angle-measuring instrument. 1In
this case, when there is equality among the values appearing in
the formula for the rms errors of non-orthogonality of the
suspension axes (v wo,=¢), we obtain

@ {7 L8176 81t 14 (1 ~ cos 1)8 4. sin 8] i 1,75,

that is, the value of the total rms error of the three-axis
star sensor model examined, operating under the worst conditions,
may vary within the limits

0=1-7(045"1a5')ﬁl'—205'0
Conclusions

1. Analysis of expression (8) shows that errors of the three-
axis star sensor are minimal in the region near the zenith
(with 1=b=0) and increase as the optical axis moves away from
the zenith. The greatest contribution to the total error is
made by the second and third terms of the expression,
characterizing the quality of the inner suspension axes.

2. When the initial errors appearing in expression (9) are
equal, the total rms error of the three-axis geometric model

o=17, In practice the values of errors of non-orthogonality
of the axes may be reduced to 0-=0.5=1.5', and as a result
the total rms error of the three-axis system is ¢"=1.0-2.5'.
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CONCURRENT OPTIMIZATION OF OPTICAL AND ELECTRICAL FILTERS IN
SCANNING ELECTROOPTICAL SYSTEMS

Leningrad OPTIKO-MEKHANICHESKAYA PROMYSHLENNOST' in Russian
No 8, 1978 pp 17-20

(Article by Yu. N. Rakovskiy]

[Text] A method is proposed for concurrently optimizing
the optical filters (of wavelengths of electro-
magnetic radiation) and electronic filters of a
scanning electrooptical system taking into account
internal noise and the interference of a nonuniform
background.

We will examine a scanning electrooptical (eo) system whose
output signal is formed by the relative displacement of an
image of objects and the photodetector. The incoming optical
signal is subjected in the eo sygtem to both spectral filtering
(of wavelengths of electromagnetic radiation) and (after
conversion by the photodetector to an electrical signal)
temporal filtering in an electronic amplification channel.
Clearly the reaction of the system both to the useful signal
and to the interference (background) is determined by the

joint action of the optical and electronic filters.

This work is devoted to the problem of the optimum choice of
the corresponding filters. Since in the scanning process

there is a conversion from a spatial to a temporal signal,

the electronic filter may be viewed as spatial, and the optimi-
zation of the eo system filters as spectral and spatial.

It will be useful to consider the signal from a point source,
specified by its spectral irradiance at the input pupil of

the objective lens of the eo system. Interference effects are
internal system noise (basically, photodetector noise) and the
external background, generally speaking a nonuniform luminance
field. We will assume that the background is given either as

12
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a finite set of spectral luminances of the various objects
forming the background or as the spectral and spatial correla-
tion function of the random luminarce field as a whole. More
detailed information on the background (higher order moments,
multivariate distributions, and so on) is in general entirely
lacking, and methods for practical use of it have thus far

not been developed.

We will express the reaction of the eo system to the useful
signal and the background interference by functionals of the
optical filter k(A) (the light filter) and of the electronic
filter, which will be described either by its transient
response h(t) or by its transfer function K(w). One of the
most important characteristics of the system is the output
ratio of useful signal to internal noise. This parameter is
easily monitored, and its comparison to the maximum possible
(optimum for a given internal noise) value immediately shows
the cost of achieving one or another degree of suppression of
background. interference. The signal-to-noise ratio at the
output of a scanning eo system is

. V§ Sh "WD' (o) ke
= f ———— e
1= on) |V 5o O (1)

where E is the integral irradiance of the input pupil produced
by radiation from a point source; Sy is the area of the input
pupil of the objective lens; N o is the total transmittance
coefficient of the objective lens (at the maximum of the spectral
transmittance characteristic curve); D*(,) is the detection
capability of the photodetector (at the maximum of its spectral
response), measured at the frequency W.; Sg, 1is the photo-
sensitive surface area of the detector; K(W) is the detector
transfer function;

1 I G(w
Yu=t [ 1Ko (2)
[}

is the equivalent noise band of the eo system (G(W) is the
energy spectrum of photodetector noise);

kc-m"-‘lfc(’) * hop (t) » h(8)] (3)

is the transmission coefficient of the pulse amplitude of the
useful signal for the detector (hyp(t)) and the filter (h(t)),
while fc(t) is the form of the useful signal, which with con-
stant scanning speed is the convolution of the scattering spot
of the objective lens on the photosensitive area of the detector
in the direction of scanning (in the time domain); and * is

the operation of convolution.

13
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Useful slgnals may be unequal both because of a ditfererce in
the objects themselves and because of variations in the condi-
tions under which they are observed. 1€ it is necessary to
provide given output characteristics of the eo system for all
possible signals, that is, even for the weakast, then it is
natural to examine in the tollowing form the integral irradi-
ance of the input pupil appearing in (1):

Eevmia [EQT) Bap Q) K (), (4)
i

-
where E@, 1) is the spectral irradiance of the input pupil (l is
the vector of parawmeters definina the various possible useful
signals); kemp() is the ralative spectral response of the system
consisting of optics and photodetector; k(A) is the desired

- filter; and A is the region over which the functions under the
integral are defined.

It is convenient to introduce the normalized (with respect to
signal amplitudc and noise level) relation

ke 37
[ e 2‘; (k,u = V"uAfm)'

where Ty=a/v is the duration of the useful signal (a is the
angular size of the photosensitive area of the detector in the
direction of scanning; v is the speed of scanning), and the
quantity
j ’fnp (wa)) S;r
SuruD* (v0q) Iy < ¢ (5)
From (2) and (3) it follows that the quantity ¥ is the functional
of the electronic filter, that 1is, W=W¥(2()). The integral
irradiance of the input pupil (4) is the functional of the
filter ku): £=L{kQ). Therefore, taking into account the
guantity (5), the output signal-to-noise ratio (1) may be
re-written in the form
1 o
=g ERQ)) V().
The maximum possible signal-to-noise ratio is
p —_— _l__ 7 o i w Eo ‘T.I)
Tl St
where o
Ey=E R = 1), W= e (0}

and hg(t) is the transient response function of the electronic
filter which maximizes the output signal-to-noise ratio.

Normalizing
E (k) iEo=e (k)

and -
Wk () Fo =g (RO,

ultimately we obtain
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qeaqoe (RN G (A(1)).
The normalized functionals e and Y directly define losses in
the magnitude of the signal-to-noise ratio caused by measures
taken to suppress background interference: the value 0<egl
defines losses resulting from limitation of the spectral band,
and the value 0&¥< 1 defines those resulting from non-optimal
(for a given internal noise) filtering in the electronic
channel. .
We will examine the reaction of the eo system to background
interference. If, in addition to a set of spectral luminances
of various background objects, there is no other information
on the background, then background interference is usually
1 treated as the response of the system to a drop (or jump) in
luminance produced by the transition of the instantaneous
field of view of the scanning system from one background
object to another. The spectral luminances of the background
objects may be either averaged over all possible conditions
of observation or related to specific conditions. If it is
necessary to provide a given quality of eo system operation
in all (even the worst) background conditions, then the inte-
gral drop in luminance must be examined in the form
AB=0aB (k) = H [B:0 91— 8 0. 8] x ko 1y £ () a (6)
where § is the vector of observation conditions and Bi(A,ﬁ) and
Bi(A,d) are the spectral luminances of the ith and jth back-
ground objects, respectively.

The reaction of the eo system to a drop in luminance AB may
conveniently be related, as with the useful signal, to the rms
value of the internal noise; that is, the output signal-to-
noise ratio may be considered to be

n—.ﬁ!ﬁféﬁgﬁ_N(hun.

(¢

where 2, is the solid angle of the photosensitive area of the
detector (the instantaneous field of view), and the functional
Nil(t})) has the same meaning as W {k(¢)}, except that the form of
the useful signal fo(t) in (3) must be replaced by the form of
the interference fx(t):

k 1 :
N{h () -=—kﬁ-.=~k—|; m?x Salt)» hyp(8) + R(2)

t
d
where quhﬂSk(ﬂzfis the normalized response to a jump (the
0

Heavyside function) without taking into account the detector
inertia or the effect of the electronic filter. If the eo
system were optimized only according to internal noise, then

15
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the background-to-noise ratio would clearly be
f 0
Ny ._'6'.‘: AB LR = V) N Iy (1)) e ._(;E 383y Ny

ABges 80 [h{A) 2 1}, Nye= N [Ho(t))s

In the general case the background-to-noise ratio may be
written in the form ‘
e o (RN o L (D) (7)
where
b k(1) =88 (R (V) /A

and v (h (1)) = N (R ()N
are normalized functionals determining the degree of suppression
of background interference by the methods of spectral and
temporal filtering respectively.

The output signal-to-background ratio may be expressed

similarly:
mem & s (k) ¢ (1 (0), (8)
where
my = Q'io“l“oBo (Do Ty No),
and

e k()
4tk () =it

b |k
¢ (o) =Lk

For background having a given spectral and spatial correlation
function of the random luminance field, we will also examine
the background-to-noise and signal-to~background ratios,
except that the response of the eo system to background inter-
ference will be characterized by the variance of the output

- signal from the background. We will derive an expression for
the functionals corresponding to this case.

We will assume that at least approximately the spectral and
spatial correlation function of the homogeneons (stationary 1in
space) luminance field may be expressed in the form of a

product
K(Mylax, y) =B (A 29) R(x, )

where R(x,y) is the correlation coefficient and B(. ») is the:

correlation function of spectral luminance, defining the
variance of the integral luminance of the background in the
following manner:

of jl { B(has 13) konp () Rong (o) & (1) & () b, ). (9)
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The ratio of the rms values of background interference and
internal noise at the output of the eo system is

Qupop Ay Dupay (& (V)
e 2000 2 S ROy,

(10)
where

Q e Gylog v :
om0 0L ) Koy ) K (0100 K () g oy,
00

Here Kuplonwy) is the spatial and frequency response characteristic

of the system consisting of the objective lens and the photo-

detector; g, (w, is the transfer function of the photodetector

as an inertial element (the Fourier transformation of the

function M () K(vws) is the transfer function of the electronic

filter (the FPourier transformation of the function h(t)); Gg(u., w,)

is the Wiener spectrum of the integral luminance (the two-

- dimensional Fourier transformation of the spatial correlation
function ¢ R(x y):

Qo= ﬂ R(x.y)dedy

is the background parameter, which for non-negative R(x,y) is
the correlation region of the background (by analogy to the
correlation interval»for a one-dimensional process).

The background-to-noise ratio has the same form as in (7), but
the functional b&(k(A\)} in this case is
eglh(R)) g k(D))

bk =TT =" e
where 9 k() is determined by expression (9), and the functional
of the electronic filter v=N{h(0)/No is determined by (10)
since N=#kyk, The same must be taken into account also in
the signal-to-background ratio (8), where in this case M = Es®o/Qnpog,

Thus all necessary expressions have been determined for the
output ratios of signal to noise g, background to neise n, and
signal to background m both for the case when the background
interference is treated in the form of a response of the eo
system to a jump (or a drop) in luminance and for the case when
the response of the eo system to the background is considered
as a variance of the output background signal. Based on the
expressions obtained, any criterion for the optimization of the
filters may be formulated as a conditional or unconditional
extremum problem:

extr Fy(q. n),
A0) AU

Fi(y,m«C (conditional extremum) (11)
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or
Aﬁﬁhuﬁ(%") (unconditional extremum) (12)
where r(q,n) are given functions ({the optimization eriterion)
of the functionals q and n: and C is a given constant.
Ixamples of various criteria are
e

q
max ->,  max -, max (g e g b
n(x,;,nu) TR T T MY AL
oAy

and s0 on.

The first of the listed criteria is most appropriate when the
background is given only as characteristics of separate compo-
nents of the objects and the background-to-noise ratio has the
meaning of a wvesponse of the eo system to a drop in luminance
between two different objects relative to the rms noise value.
It is natural to use the last criterion when the background
interference is :valuated as a variance since it represents
the unconditional maximization of the ratio of the useful sig-
nal to the sum of the variances of the internal noise and the
background interference. If additionally noise and background
are time-independent Gaussian processes, then the eo system
optimized according to this criterion will be optimal statis-
tically as well (in the probabilistic sense). *

We will show that problems (11) and (12) may be solved easily
if we have all possible solutions to the problem

% ({‘)"'? n (). (13)
T4,
or the problem
k(’:;.ai:(n(w (14)
n<ng

that is, all possible pairs of filters k°()) and h°(t), each
corresponding to a specific value of the threshold level ¢ € (0.4
in problem (13) or m ¢10.n) in problem (14). Since (13) and

(14) are a dual problem pair [l1, p 87], their solutions "ai(qr)
and 7ms(n) are mutual inverse functions, and sets of optimum
filters coincide if the limits gy, and ngy are varied through the
entire range of their possible values. This property of a

dual problem pair makes it possible to limit oneself to any

one of them singly.

Let there be a complete solution to problem (13), that is, a
function nen(9s) and a set (practically speaking, of course, a
finite collection) of pairs of filters k°(A) and k°(t), each
corresponding to a specific value of gx from the interval [0.q0).

18
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Based on the results of [2] we obtain

exir (g, n) mextt Fy (0 Mot (00),
HWhm’@ )“unan'mum»

FaQqon) € Fy{qu i (gn) 2 C,
that is, the conditional extremum of the functional of
functions k(}) and h(t) is reduced to the determination of the
extremum of a function of one variable g, within a certain
range defined by the condition 4 B (e C. Similarly, problem
(12) is reduced to the determination of the extremum of the
function F(gn ami(9)) in the variable qx over the entire range of
possible values of this variable. According to the value of
qx yYielding the extremum of the functional Fy (or F), we choose
from the already determined set of filters k® (A) and h°(t) the
peir of filters which corresponds to this particular value of
g

We will now show that the solution of problem (13) also in turn
reduces to finding the extremum (minimum) of a function of one
variable if all solutions are known to problems similar to (13)
but related to each type of filtering (spectral and temporal)
separately. In fact,

min (n)-ang ,ml’:: '[b (@) ()= ny km(ls[b (&) min v {Ix((l}]

k(h
bR} apfuie (R 2)

k), ,
LR AR UIO TR 0}~ uple

‘

o T:{; [b (RO i (‘q;'e—'d:('x')‘}' )] =My m"':‘ [(’mln (en) ytn (‘;"Z;_'n‘)].

where bmm(e,) is the result of solving the conditional extremum
problem for spectral filtering
min b (k)
k(
etk e,
for all ex from the interval [0,L] and “ma () is_the §olution to
the conditional extremum problem for temporal filtering
min v {h(2))
h (¢
BRI} >,
for all ¥» from the interval [0,1].
For optimization criteria formulated as an unconditional
extremum (12), it is sometimes more convenient to represent

the solution in the form of the extremum of a function of two
variables:

extt F(g n Flo ot _
), by (@ )"k(f,"“,{m (g0 €, no bv)

= extt F(qqenPne Mo buq (€n) Yain (Pn))s
e ¥p
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For example,

enu

max =t es o MAX a3
xR VEE o by Vi 13 bjuin (¢0) *’?nln (¥n)

We note also that any criterion F(g,n) may be replaced by o(m)
where m=g/n is the signal-to-background ratio, and the "basic"
problem instead of (13) becomes
max  (m).
k), B0
>

Thus for concurrent optimization of filters according to any
criterion it is necessary to have all sulutions to conditional
extremum problems for spectral (15) and temporal (16) £il-
tering separately. The remaining operations (determining the
extremum of a function of one or two variables) are elementary.

Methods for solving spectral filtering extremum problems for
functionals (4}, (6), and (9) are examined in [3]. The condi-
tional extremum problem for the filter h(t) in its general
form is quite complex. However, in the practically important
case in which the structure of the filter is given and only
its parameters are to be determined, this problem is algorith-
mically simpler than the problem of spectral filtering. 1In
this case it is necessary to specify a set (in practice a
finite collection) of parameters of the filter, and by this a
set of filters, and among them to find those which satisfy
the conditions of the extremum problem. If all these filters
are enumerated, then the problem itself (16) takes the form
niny

V> (17)

where i=1l, 2..., N is the filter numrber. The solution of

problem (17) may be obtained, for example, using the following
- algorithm.

We will order the collection of all previously calculated
values of ¥Yso as to satisfy the strict inequalities
Pr<<...<tu (M < N).
For this we will exclude all filters (except one) which reduce
to equal values of ¥, that is, in each group of such filters
we will leave only the one which gives the smallest value of
the quantity V. (If in the group of filters corresponding to
equal ¥ 's there turn out to be several filters giving lowest
but equal values of V, then clearly it is possible to choose
any one of them). Now, proceeding step by step from the end
of the ordered sequence to its beginning (that is, beginning
from the number M-1), we exclude from it all elements ¢; for
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whiech %> where r is the number of the element left (that is,
not excluded) at the previous step of this procedure. Then
the remaining elements Y, and ¥4 and the filters corresponding
to them will be solutions to problem (17) at the points Va=v.

In conclusion we note that the proposed method for concurrently
optimizing optical and electronic filters, based on the prelimi=-
nary solution of problems for spectral (15) and temporal (16)
filtering, has a number of advantages.

1, fThe solutions to problems (15) and (16) are "bullding
blocks" which may be used to synthesize widely differing eo
systems according to various criteria for optiwmization.

2. These solutions directly determine the effectiveness of
that type of filtering, that is, they show what price (what
reduction in the ratio of useful signal to noise) is paid for
one or another degree of suppression of background inter-
ference.

3. 1If one of the filters is given and it is necessary to find
the other one, then the method is easily simplified: 4if the
filter k(A) is given, then

Nmin == Nobvmin (‘}3’)'
and if the filter h(t) is given, then

Nmin == Rovbmyy (‘%},‘}
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ANALYSIS OF METHODS FOR TAKING INTO ACCOUNT RASTER DISTORTIONS
AND INSTABTLITIES IN ELECTROOPTICAL INSTRUMENTS WITH ELECTRONIC
SCANNING

Leningrad OPTIKO-MEKHANICHESKAYA PROMYSHLENNOST' in Russian
-No 8, 1978 pp 20-23

[Article by V. K. Sablin, V. A. Osipik, and V. I. Fedoseyev]

[Text] Examines the cffect of distortions and instabili-
ties on the electronic raster in electrooptical
instruments with electronic scanning on the precision
of measurement of coordinates of point targets.
Relationships are derived determining measurement
error for various calibration methods.

1t is well known that electrooptical instruments with electronic
scanning have, in addition to substantial favorable qualities,
one drawback -- the occurrence of instabilities and distortions
in the electronic raster. This article examines methods for
taking into account these facts in relation to the measure-

ment of coordinates of point targets and shows that with the
appropriate choice of one or another method a high degree of
measurement precision may be obtained.

General relationships

In an electrooptical instrument a two-dimensional image is
converted into an electrical signal so that each point in the
observed portion of space (the field of view) is assigned a
pair of numbers determining the position of that point with
respect to the electronic raster. These numbers will be
called the raster coordinates and designated (t,T).

I1f a system of rectangular coordinates x, y is introduced in
the object plane such that the x-axis is parallel to the
direction of line scan in the center of the raster, and the
coordinate center lies on the sighting axis of the instrument,
then for each point in the object plane with coordinates (x,y)
there will be a corresponding pair of raster coordinates (t,T).
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Therefore we will consider that the instrument performs a
mutually single-valued transformation of (x,y) coordinates
onto (t,T) coordinates:

Xeax(t, T), yeay(t, 1),

h <t 'l'|< 7‘47‘,. (1)
in which the functions x(t,T) and y(t,T) are sufficiently

smooth. Because of the presence of raster distortions this
transformation is nonlinear.

Measuring the coordinates of a point target requires that for
values of (t,T) fixed by the instrument, the corresponding
true (x,y) coordinates be determined.

If distortions and instabilities are not present, then the
functions in (1) have the form

Xt T)uax(l)e=uv, (t=1),

Yt Tymy(t) vy (T=Ty),
where (t,,To) is the initial measuring point and vy, v, are
known coefficients determining the scale of the transfgrmation.

Further analysis will be performed only for x-coordinates; all
relations are analogous for y-coordinates.

In the general case the functions in (1) may be written in
the form of a Taylor series [1]

X (b T)omx (to To) by (o To) (0 —=t5) 4
b5 (s T (T 1) b [t To) (= 10

+ 260 (te, T (1= 1) (T = T,) +
+";‘r('u- T)NT— To)’] N

Reordering terms we obtain

£t T)emtto o)+ 53 (tor T} (t = to) + R(t = 1) +

(=t T=Tp). (3)
Here R(t-ty) represents the sum of terms containing only (t-tg)
of degree 2 through o0, and in the last component are included
all terms containing (T-Tg) in various degrees. The component
R(t-ty) is associated with deflection nonlinearity along the
scan line, and 4f: jg associated with geometric distortions.
It is important to note that since in 4% there appear components
containing the factor (T-T,) in various degrees, when T=Tq we
have Ax w0,

Measurement without calibration
In measurement without calibration the relations in (1) nbtain,
that is, they are considered linear, having the form of (2)
with known parameters tg, Tg, Vyx, and vy. Subtracting (2)
from (3), we obtain the absolute measurement error
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he “"'xn + t'vkli(l ke 'n) + R (l A ‘l') o
+ dxe (8= to, T Tu)c

whore Meo=s, To) 18 the error caused by uncertainty of the true
position of the initial measuring point; W= xrlte, Ty —v, 18 the
error resulting from uncertainty as to the true magnitude of
the scale of transformation at the initial point; R{t-to) is
the error caused by variability in the scale of the trans-
formation along the line of scan (because of nonlinearity);
and Axe (t=fy, T=Ty) 18 the error resulting from geometric
distortions. Since (see, €. g«

Rt =15 <3|"!“‘£*p‘ EX( To)l(t-lu)ﬂ..%!(l_'.):'

b & bty ok By (8= ) b 8 (1= 10 o B,
Hare

My = 22| 50, 7))

We choose the initial measuring point in the center, that is
Bt

hmdﬁr% Thus the error in the region of the center will be

minimal. Designating by X the dimension fo the field of view

along the x~-axis, that is, X=vy(ta-ty), from (4) we obtain an

estimation of the relative error

X Bdpxg 1 340 1 =t | SmXp .
B Sl bl O I (5)

where imr. dmvs 8nr, are the corresponding maximum errors.

In order to calculate the value of Mz it is necessary to know
the specific form of the function x(t,T?). Mz may be estimated
if the nature of the function x(t,T) is known, along with the
coefficient of nonlinearity of transformation (1)

f:nn_":nln - i‘ﬂ-x:“'“
k" ﬂz x!"'\‘l! +":nlﬂ = ".
where Xpay and Xnin are the maximum and minimum scales of
transformation in ghe scan line.

We assume that x(t,T) may be approximated as a function of t by
a polynomial of degree no higher than 3. As shown by experi-
mental investigations, this is valid in‘instruments with high
linearity in the variation of deflection currents. Then x{, (t,T)
is a linear function of t (see figure) and the coefficient of
nonlinearity may be expressed in x"(t,T) as

lﬂ'!

k,.-;‘; S 5,0 D, (6)

fmin
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where tpi, and t. .. are the points at which x', and x'
ocour, refpectiveiy. min max

e

(et
f Ll A (e1)
]

- t ’ \“ Suiniin . : ‘\ __ ‘
M ) g e,
]

Graphs of the function x(t,T) and two derivatives with
fixed T in the case of third-order nonlinearities.

Taking into account the fact that x"(t,T) is a linear function
in t, we may write

'mn

j%mrmzummm%hﬂ, (7
teain

80 that strict equality holds in the case when Xge (£,T)

passes through zero within the interval (ty.tp).

From (6) and (7) for My we obtain

kyvy kv,

M’<l'mn-lmlni et . (8)

Taking this into account, the general expression for calculating
the relative maximum error (5) may be written in the form

tar dmgey Lla 1 dase
We note again that this expression was obtained with the
assumption that nonlinear distortions were of order no greater
than three. If we proceed from the assumption that x(t,T) is
approximated by a second-order polynomial, then it may be
shown that the 4./2 term is replaced by k.

As an example we will examine measurement without calibration
for typical values of parameters

Om X im v, A :
~T—amm,4%§=wm MQQ%,.%EEQN

The maximum error is 14% of the size of the field and is
reached at the edge of the field.
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Measuroment with a single reference point

fhis method is implemented in the following manner. projected
onto the photocathode of the detector, in addition tc the
image of the target, is a li?ht point (the reference point)
whose coordinates x(0) and y{0) are known precisely; coordi=
nates t and T are measured with vespect to this point and are
taken as the initial tg and Ty, Since xg=x(ty,Tgy) and

Yo=Y (kg1 To) are known precise?y, %y dmye=0,  Then from (5) we
obtain

R T 1.2 1 =t
T ey hEMe

Ap oy,
Uy X

1f the nonlinearity of the transformation is of order no

higher than three, then M2 is estimated from formula (8).
- with the same data as in the previous example we obtain
)

—}i-:ﬂ% , and the maximum error occurs at the edge of the field

as before.

The use of a reference point in the center of the field of
view makes it possible to achieve high acecuracy in the central
zone, where it is possible to ignore geometric distortions and
nonlinearity. 1In a small central zone of size a we have

1 7% | dmty a

TXST ey X

With the same value of jﬁ%ﬁas in the previous example, for

a 10% central zone 2wa‘qﬁ% that is, the error resulting from
raster instability may in practice be ignored. These results
were confirmed experimentally under strict operational
conditions.

Measurement with a coordinate grid without interpolation

This method is known in the literature as the method of
measurement with descrete image partition [2]. For measuring
«-coordinates the method entails projecting onto the photo-
cathode of the transmitting tube a coordinate grid consisting
of n+l straight lines dividing the entire scan line into n
equal intervals. A rough determination of the x-coordinate
is made by counting the number of grid lines from the begin-
ning of the coordinates to the target, and a precise deter-
mination is made by measuring the difference in raster gcoordi-
nates between the target t and the last counted line t ).

In exact measurement, the coordinate of lines t{k) is taken
as the initial measuging point along the scan line within the
interval (t(k),e(k+1)) = The coordinate of x{(k), corresponding
to t(K), is known precisely, 80 pXo=0. From (4) for points
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in the interval (t(k),e(k+l)y we have
At s 2 (1 e /) . -.:—M, (£ o B2 ),

At td, p ), (9)
where
3 en ity (W, 1) = v

MM () is the error resulting from aeometric distortions in
the interval (tfk?,tfk+2}). g '

For third-order nonlinearities the maximum relative error in
speed is

bt 3,0
b e L dm e

Vg 0"

1f the t(k)-coordinate of the coordinate line is measured
for T equal to the value of the T-coordinate of the target
(that is, calibration is performed in the scan line in which
the target is located), then in (9) it must be considered
that 'I‘-T°=0 and .\x!."(l-—‘l"", T o Tn)’=0'

Then, taking into account that
gty _fa—t
max (0= 1) <2220 4y,
from (9) in the case of third-order nonlinearity we obtain

fin X 3, !
.a':\g- < (.-:I%(_ 4 [‘-") l—:’-’.;f..' o 2 (!.:.';T.k_'!)’.

With the same parameters as previously and n=15 we have-%?~<mﬁ%

for the entire field of view. In experimental investigations
with n=15 and the number of raster partition elements 128x128,
a total error resulting from raster distortions and from the
digscrete nature of the partition of less than 0.8% of the size
of the field of view was obtained.

Measurement with interpolation . .

The problem of determining the target coordinates (x,y) from
the known coordinates (t,T) may be approached differently.
We will assume that the form of function (1) is unknown (as
in fact it is). ?f values of functions (1) are known at
several points (t(1),7(1)), then by interpolation their
values may be determined at, any gther point (t,T) not too
far removed from points (¢ (1), (1)) The solution of this
problem in the general form for functions of two variables
encounters certain difficulties both in principle and in
calculation. More expedient is interpolation according to
each of the variables separately.
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We will examine x(t,T) for a certain fixed =T, Then x(t,T)
for t € [ty,tp] is a funct%?? of the single variable t.
According to valyﬁq x(o),f U, ... ,x(n), which x(t,T) assumes
at points t(0) ¢ A)"-‘vt 1), it is necessary to determine
the value of x(t,T) for any point t € ftqrtpl. such a
problem may be solved, for example, with a Lagranglan poly-
nomial of degree nln(t) (3. The intcho ation errov depends
on the cholice of interpmlation points £19,% ~),...,t(“’. 1f
ag interpolation points we chooso roots of the Chebyshev poly=-
nomial of degree n+l on the seguent (t1,tp], then the error
will be minimal.

In measuring we may freely chooge only the coordinates x{i} of
the calibration marks. The t'%/-coordinates are obtained
through measurement. Therefore, in general, it is not
possible to arrange for the interpolation points to coincide
with roots of the Chebyshev polynomial. However, as a result
of the approximatoly linear dependence of x(t,T), the inter-
polation points .1ll coincide approximately with the roots of
the Chebyshev polynomial on the segment {ty,ts) if as the x (1)
we choose roots of the Chebyshev polynomiai o% degree n+l on
the segment [X1,%5].

As an example we will examine the simplest case n+l=2. Then
M) 0 () (0 (0)
& x () 10
l-l (f) ] ‘(l) _‘(u) t l(\, — ‘(U) N

lxt, fr=2, (0] = -:; Myl --1,00,
The roots of the Chebyshev polynomial are

o_1i Py : 5 b8
-"|)’—'—r(-':"xn)+ T x(‘"n-—_‘{‘i}.(x,—-x‘)-k 2 g

The error in this case may be estimated as follows:
- 1 ’
le@t, TY =Ly ()] < g Malts= 01
For the same parametcrs as in the preceding examples, with a
third-order nonlinearity we will have the following error

values: . i
a) if x; and xp are taken as calibration points, then

lxt, D=Li0)] o A n05%;
S S
b) if x§°) and xéo) are taken as calibration points, then

Ixtt. H=Li (0] _ &0
_"_""TY'L'—" f. 1,25%.
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If more than two calibration marks are chosen and polynomials
of higher degrees are used, then the interpolation error

may be reduced. To calculate it, the maximum value of the
derivative of the function x(t,T) of order n+l must be
estimated, and this is difficult in practice since the forms
of the functions in (1) are not known to high precision.

When there are more than two calibration marks, it is possible
to use linear interpolation in each of the intervals between
successive interpolation points. If there are n+l calibration
points (n intervals), then the error may be estimated by the
following expression:

let, Fy=Ly(] < -%-M,("‘ “")’.

8

With n=15 for the same parameters as in the previous examples,
in the case of nonlinearities of order not greater than three,
the error will not exceed 0.01% of the size of the field of
view.

Thus, using this or another calibration method, the error of

an electrooptical instrument resulting from instabilities,
deflection nonlinearities, and geometric distortions may be
reduced to a negligibly small value. At the same time, in

view of the ever expanding use of computer equipment to process
measurement results, the implementation of complex interpolation
algorithms providing extremely high precision is entirely
practicable.
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AN ILLUMINATING DEVICE FOR TESTING COORDINATE-SENSING
PHOTODETECTORS

Leningrad OPTIKO-MEKHANICHESKAYA PROMYSHLENNOST' in Russian
No 8, 1978 pp 42-44

(Article by Ye. N. Vysotskiy, I. V. Reznikov, and A. N.
Tikhomirov]

(Text] The optical design is described for an illumi-
nating device having continuously regulable
illumination and a field nonuniformity of 1.5%.
Blurring at the edge of the image projected onto
the photodetector is calculated.

High-quality light sources are the basic means for testing the
parameters of coordinate~-sensing photodetectors (cspd) :
dissectors, vidicons, scanistors, solid-state charge-coupled
detectors, and so on. Features of the cspd's determine the
quality criteria for light sources. For testing coordinate
sensitivity over a field it is necessary to have sources
with illumination nonuniformity not exceeding 2-3%. In
determining the limit of output signal nonlinearity with
respect to illumination and threshold sensitivity, sources
are required having continuous regulation of illumination
with unvarying color temperature. Illuminators produced by
industry and described in the literature do not entirely
satisfy these requirements. The four-channel illumination
system of the EM-536 projector with the "Mikronar-600"
objective lens has an illumination nonuniformity of approxi-
mately 5%, and in addition cannot be regulated in illumi-
nation and is complex to construct, align, and use. The
raster illumination system described in [1] allows an illumi-
nation nonuniformity of greater than 5% at high illumination,
and it also has some of the same characteristic shortcomings
as the EM-536.
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The design for testing espd's using a distant light source
and a mask placed directly on the espd is both theoretically
sound and practically proven. With this testing design the
basic requirements are high illumination uniformity over the
field and a minimal gap between the cspd and the mask.

Presented in fig. 1 is an illuminator using this design for
testing capd's. The SG-2 incandescent lamp, light source A,
has a color temperature T=2854K

{2). The light-absorbing b

screen, 2, reduces bright P & ’

spots on the back wall of 1 P e w2 s E d i
the lamp casing, 3, and the |,®*lf‘—”~&??fs,;_§-'_’::, "f'""“'u'
bulb. ' Diaphragms, 4, forming | B e =

the light channel, act as a Ny R o4 \y

blind for protection from
bright spots occurring on the
internal suxrfaces of the walls Fig. 1. Optiecal design of

of the telescope tube, 5. illuminator: 1 ==~ light source
A (SG-2 incandescent lamp),
/ The positions of the diaphragms 2 -- light absorbing screen,

are chosen so that they elimi~ 3 ==~ lamp casing of illuminator,
nate first- and second-order 4 -- light-restricting diaphragms,

bright spots [3,4), and in 5 == telescope tube, 6 ==
combination with the matte neutral light filters, 7 --
black coating of the inner test mask, 8 -~ tube displace-
surface with KhS-1107GM ment device, 9 -- readout
enamel they essentially pre- device, 10 -~ cspd tested,

vent any light from the sides 11 =- light-tight chamber.

of the tube from reaching the

cspd, 10, The diameters are chosen so that they continually
narrow the illumination angle in order to prevent light
diffracted from the edges of the diaphragms from striking the
cspd. Neutral light filters, 6, allow the illumination of

the c¢spd under test to be varied in steps. The mask, 7, forms
the required test pattern on the cspd, depending on the test
mode. The pattern on the mask (the test matrix) is produced by
photolithography on a bimetal [5). The metal mask, as distinct
from a glass or f£film mask, makes it possible to create an

image with 100% contrast, very important for testing dissectors
and photomultipliers operating in the single-electron mode.

The use of a design with a distant light source and a system

of light-restricting diaphragms has made it possible to achieve
an illumination nonuniformity not greater than 1.5% over a
field with a diameter of 35 mm.

Continuous variation of the illumination is achieved by moving

the light source away from the cspd using a device for
displacing the telescope tube, 8. In combination with
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step=wise regulation by the light filters, the illumination is
varied from 10 to 0.001 1x in the visible wavelength range.
With continuous regulation the illumination varies in propor-
tion to the square of the distance, so that within the limits
of variation of the size of the telescope tube (400-500 mm)
the illumination varies by a factor of 1.7 over all intermedi-
ate values, with the minimum variation determined by the scale
value of the readout device, 9, ~= 0.6%.

The degree of blurring of the edge of the image is determined
by the distance ! from the mask to the sensitive layer of the
cspd (fig. 2). 'aking into

account the small viewing ! 2 K]
. angle of the lamp filament, 1, | e 0w

in the mask opening, 2, it ~ —-u4;fnﬁ§§§dé~="~w§

is pogsible to approximate ' - ﬁ

with sufficient precision the S

degree of blurring of the

edge of the image projected Fig. 2. For calculating the

onto the cspd, 3, using the blurring of the edge of the

formula (not taking into projected image: 1 -~ lamp

account diffraction effects) filament, 2 -- mask with

X‘“*‘Ilb" opening, 3 -~ cspd tested.

where X is the degree of blurring of the edge of the projected
image; 1 is the distance from the mask to the sensitive layer
of the cspd; b is the size of the filament of the light source;
and L is the distance from the filament of the light source to
the mask.

With Lpin=400 mm, b=1 mm, and l=4 mm we obtain X=10 am, which
in many cases is considerably less than the resolving power of
the cspd.

The distance from the mask to the sensitive layer of the cspd
is determined by the thickness of the glass envelope, which
ranges from 2 to 4 mm.

For solid-state charge-coupled detectors the degree of blur-
ring may be considerably less (less than 1 um) because of the
reduction in tne magnitude of 1.

The degree of blurring of the edge of the projected image is
taken into account in testing the resolving power of the cspd
for given parameters of the test matrix on the mask.

The illuminator described is relatively simple to construct
and completely satisfies cspd testing requirements for nonuni-

formity and continuous regulability of illumination, contrast,
and degree of blurring of the edge of the projected image.
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METHOD FOR DETERMINING THE NONLINEARITY OF PHOTODETECTORS

Leningrad OPTIKO-MEKHANICHESKAYA PROMYSHLENNOST' in Russian
No 8, 1978 pp 59-61

[Article by L. N. Aksyutov and G. K. Kholopov]

[Text] A method is described for numerically detérmining
the nonlinearity of photoelectric radiation detectors,
based on the measurement of their relative differ-
ential sensitivity as a function of the magnitude of
the output signal.

In order to make precise photometric studies, the ratio between
the magnitude of the output signal of the detector system and
the measured magnitude must be known over the entire range of
the detector. This requirement is satisfied if the detector
system is linear. The linearity of a detector system in which
a photodetector acts as the sensing element is judged by its
energy response characteristic. However, it is known that
nonlinear distortions in photodetector electrical circuits
depend not only on the magnitude of the light flux incident

on the detector, but also on parameters of the electrical
circuit [l]. Thus linearity of the energy response charactexri-
stic of the photodetector is not sufficient to guarantee
linearity of the detector system as a whole. Consequently,

for testing the linearity of a detector system or estimating
its nonlinearity, special measurements must be made using the

system.

The essence of traditional methods for determining the nonline-
arity of radiation detectors [2] is the creation of a known
level of illumination at the detector or the variation of the
illumination according to a known law, presupposing graduation
or calibration of the measuring equipment.

The object of this article is to demonstrate the capabilities

of a method for numerical estimation of the nonlinearity of
photodetectors, based on the measurement of characteristics
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of their relative differential sensitivity. The method does
not assume knowledge of the magnitude of detector illumination,
nor of the law governing its variation.

The nonlinearity of a photodetector is determined by the rela-
tive variation of its sensitivity at differing illumination
levels and is expressed by the value of the coefficient of
nonlinearity (3]

Kﬁ(S/SO) =1 (1)
where S is the sensitivity of the detector to a certain
radiation flux producing an output signal N and a corresponding
illumination E; S, is the sensitivity of the detector to a
certain arbitrarily chosen flux, corresponding to illumination
BEg, which produces an output signal Ny. In practice E,
corresponds to minimal light fluxes incident on the photo-
detector, and E to any value of the flux in the dynamic range
of measured values. Thus it is assumed that E >E,.

In accordance with expression (1) a linear detector, for which
$=84, 1s characterized by the value K=0. When K=const#0, the
detector is also linear, but its sensitivity is different from
So- The criterion of detector nonlinearity is' Kfconst, with
K> 0 corresponding to the case in which detector sensitivity
increases with increasing illumination, that is, "superlinear"

- sensitivity, and with K¢ 0 corresponding to the case in which
sensitivity decreases with increasing illumination, that is,
"sublinear" sensitivity.

Since for detector sensitivity S we are taking the ratio of
its output signal N produced by illumination E to the magnitude
of this illumination, expression (1) may be rewritten in the
form

K= (NE5/NoE) -1 (2)

In accordance with the energy response characteristic of the
detector, the value of the illumination is determined by the
expression

AY N
E= [ (ONJOE)™ dN = E,+ i (ON;OEY dN, (3)

Substituting (3) in (2) we obtain
b
K= {N/[No + dM?(N)“ -1, (4)

.
N J

where ONJOE is the differential sensitivity of the detector [1];
B(N) = (ONJOE)[(No/Eo) is the relative differential sensitivity
characteristic of the detector.
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Expression (4) indicates the possibility of determining the
nonlinearity ol photodetectors accordlig to the known value

of the output signal when, rather than the value of the
t1lumination, the differcential sensitivity of the detector

is measured as a function of the magnitude of the output
cignal N. In this casc the value of the differential sensi-
tivity with background illumination E %0 corresponds to output
signal N produced by a modualated flux (the signal flux (1]),
created at the detector by an additional illuminatien E, above
background. 1f the backaround iliumination E (the background
flux {1]) is increascd, then the changed value of the
differential sensitivity at a constant value of the signal
flux (Eg=const) corresponds to the changed value of the output
signal NX.

Taking measurements of the function N3=f(E) similar to measure-
ments of the background characteristic [4], and simultancously
measuring the va'ue of output signals N with identical modula-
tion of the back.;round flux produced by the total illumination
F+Eq, it is possible to construct the relative differential
soansitivity characteristic of the detector f(N)=N&/N,. This
function, accordiny to formula (4), determines the value of

the coefficient ot nonlinearity K for a given magnitude of the
output signal from the detector.

From formulae (2) and (4) it follows that the numerical value
of the nonlinearity, cxpressed by the coefficient K, for a
gqiven value of the output signal N will differ depending on
the value taken for N,. In practice the value of Ny is

<, determined by the minimum signal-~to-noise ratio, established
for the specific case, and the maximum value of N is deter-
mined by the values of illumination at which the detector
sensitivity begins to saturate. Knowing the nonlinear
characteristic of the photodetector and the value of illumi-
nation corresponding to a particular value of N, it is possible
to construct its enerqy response characteristic as needed.

To illustrate the foregoing
we present results of the
determination of detector
nonlinearity obtained by
the method of measuring the 2 %ﬁ4); e
relative differential sensi- ‘h# b
tivity. The measurements
were performed on a device
(5], one of the versions of
which is shown in fig. 1.

Fig. 1. Diagram of the measuring
device: a) 1 -~ source of back-
ground flux; 1' -- source of sig-

The design of the source, nal flux; 2, 2' -- slit/dia-
1, and its placement rela- phragm; 3 -- spherical mirror; 4,
tive to the detector 4' -- modulators; 5 -- photode-

studied provides for varia-
tion in the background
illumination proportional
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tector tested; b) relative posi-
tions of incandescent elements of
source: 1 -- tungsten ribbon of
width and slit, 2, of width h.
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to the width of the slit, 2, making it possible to measure the
energy response characteristics of detectors on this device.

Fig. 2 shows differential characteri-
stics of CdS photodetectors measured
for two values of N, at each modula-
tion frequency. The displacement of
curves 1 and 3 along the N-axis rela-
tive to curves 2 and 4 is caused by
the increased sensitivity of the
photodetector at a modulation fre-
quency of 450 Hz, though the maximum
values of 3 correspond to the same
value of illumination in each case.
The form of the B(N) curves indicates
that the sensitivity of the photo-
detector is superlinear over the
entire range of measured signals and
that there are no linear segments in
its energy response characteristic.
Clearly the determination of the non-
linearity of photodetectors with
superlinear sensitivity used as
radiation measuring instruments is
meaningful cnly at values of energy

plt)

3

’/

-~
r v ¢t ¥ ry T

\

[}
/] i 1 i l';
Nt ow! v g pv

Fig. 2. Relative differ-
ential sensitivity
characteristic of Cds
photoresistor: Ng=36(1],
21(2], 500(3], 360(4] uv;
1,3 -- 65 Hz; 2, 4 --

450 Hz.

illumination at which sensitivity saturation has not yet occurred.
This value (see fig. 2) corresponds to the maximum output signals

for which /3 (M)A 1.

Nonlinearity characteristics for a €ds
photodetector were calculated from
A(N) characteristics using formula (4)
and are presented in fig. 3.

The reproducibility of results of
nonlinearity determinations by this
method was established by us earlier
(3] in the study of a photomultiplier,
for which the deviation from linearity
was relatively small. Comparison of -
the energy response characteristics
of the CdS photodetector calculated
from results of the nonlinearity
determination with those measured
directly (see fig. 4) demonstrates

3
3

<
T

N
¥

/ 2

/
24
WA W |

t w0 et
Output signal N, uV

N
T

onlinearity, K
D>
4

Coefficient of

n
EQ.

Fig. 3.
characteristic
photoresistor:
65 Hz; 3, 4 ~--

Nonlinearity
for cds
1, 2 -~

450 Hz.

the reproducibility of the results for large nonlinearities as

well.
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We have used this method and the measuring device whose
design is shown in fig. 1 to determine the nonlinearity of
radiomaters. WNAs an example we may
eclte the results of determining the
nonlinearity of two specific radio-
meters with Pbs and InSb photo=
resistors as the sensing elements.
The relative differential sensiti-
vity characteristic of these radio=-
meters is of the sublinear sensi-
tivity type and may be espressed

by a function of the form

where for, the PbS radiometer:
€=0,19 V-1, N, =100N,=7mV&N£3V; RS S S—
for the InSb radiometer: o ! Q
%=0,021 mv-1, No=10N,=250AVEN£25 mV; Slit width, mm
N is the output signal value; and
N, is the noise value at the output
of the radiometer.

r' we

4
-
T

,

= &
b >
13 T

Output signal, uV
S
N

S
=3

Fig. 4. Energy res-
ponse characteristic

of CdS photoresistor:

1 -~ 65 Hz; 2 =-=- 450 Hz;
solid lines are cal-
culated curves; circles
are experimental data.

In accordance with equations (4)

and (5), the value of the coefficient
of nonlinearity of the radiometers

is expressed by the formula

IR
K== = -1
As demonstrated in the practical determination of the nonline-
arity of photodetectors by the method of measuring their rela-
tive differential sensitivity, this method of testing nonline-
arity has the following advantages over traditional methods:

1. No calibration or graduation of the measuring equipment is
required.

2. Use of the method is independent of the polarization of the
radiation and of the polarization properties of the apparatus
tested.

3. Results of determining the nonlinearity are reproducible
regardless of its magnitude.

4. The method requires little labor and only simple equipment.

5. Nonlinearity may be tested with various spectral compositions
of the signal and background fluxes.

38

FOR OI-‘P_ICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010033-3



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010033-3

FOR OFFICIAL USE ONLY

References

1. Korndorf S. F. et al., "Raschet fotoelektricheskikh tsepey,"
[Design of photdelectric circuits), Moscow, ENERGIYA, 1967.

2. Aksyutov L. N., Kholopov G. K., OPT.=MEKH. PROMYSH., 1973,
no. 10, p. 42.

3, Aksyutov L. N., Kholopov G. K., OPT.=-MEKH. PROMYSH., 1971,
no. 10, p. 65.

4, Astaf'yev A, I., Kholopov G. K., OPT.-MEKH. PROMYSH., 1969,
no. 10, p. 1.

5. Aksyutov L. N., Kholopov G. K., Melent'yeva L. F., Inventor's
certificate no. 458715, BYUL. IZ0BR., 1975, no. 4.

Received by editors 3 October 1977.
COPYRIGHT: Optiko-Mekhanicheskaya Promyshlennost', 1978

9187
CS0: 8144/468

39

FAR OFRTATAT 1SR ONTY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010033-3



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010033-3

FOR OFFICIAL USE ONLY

upe $35.317.7
AUTOMATING WHE PROCESSING OF INTERFEROGRAMS IN THE TESTING OF OPTICAL SYSTEMS
Leningrad OPTIKO-MEKHANICHESKAYA PROMYSHLENNOST' in Russian No 9, 1978 pp 7-10

(Article by Candidate of Sciences V. A, Zverev, I. P. Agurok, Candidate of
Sciences S. A. Rodionov and Candidate of Sciences M. N. Sokol'skiy]

[Text] The matnematical apparatus and the programming system
for computer programming of interferograms and a method of
eliminating errors produced by the interferometer are pre
sented. These will make it possible to determine the topo-
graphy of wave front deformation and the main quallty charac~
teristice of the optical image. The results of processing of

" interferograms obtained during testing of a hyperbolic mirror
with a dismeter of 1,100 mm are presented.

The interference method is traditional in the testing of optical systems and
surfaccs. Visual evaluation of interferogrems makes it possible to determine
the extent and position of local wavefront deformetions, as well as astig-
matisms. However, computer processing of the results is necessary in order to
utilize most fully the possibilities of the method and to obtain the necessary
information about a mirror surface or the wave aberration of an optical system,
or to determine the quality characteristics of an optical image. This article
desceribes the automation of interferogram processing during testing vith an
unequal~-path interferometer.

Obtaining the Interferogram

The system for testing with an unequal-path interferometer is well known (Fig.
1-a). However, in order to reconstruct with good quality a wavefront defor-
mation it is necessary to allow for errors produced by the system itself, some
of which can be eliminated by subsequent computer processing, and others of
which can be minimized by following the recommendations presented below.
/Errors which cannot be eliminated by subsequent computer processing./ These

include a discrepancy between the recording surface 7 and the surface next to
the output pupil of the system being tested, since in this case deformation of
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the wavefront on surface T will result in an observed shift of the wave phase
becnuge the wavefront is propagating equidistantly while diffraction phenom-
ena are affecting it strongly. In the teating of optical systems we are in=
tereasted in the deformation of the wavefront in the plane of the exit pupil,
Just as in testing of the surfaces of manufactured parts, since the main aim
is to determine quality characteristics of the optical image on the basis of
the sealar theory of diffraction, in which it is desirable to use the wave=-
front in planes where the Kirchhoff conditions are adhered to, i.e. in the
gystem pupila [2, U], A second error results fron the difference between the
ghape of the recording surface and the nearest comparison sphere of the wave-
front, which produces distortion. This occurs when the forward focus of the
?bdective)G does not coineide with the autocollimation point A of the system
Fig. 1=b).

In experimental practice, of course, it is
impossible to eliminate these errors com-
pletely. But minimization of FA (Fig. 1-b)
to within 1-3 mm and focusing of the object-
ive 6 on the pupil will guarantee that their
effect will be insignificant.

/Errors which can be eliminated by subse-
quent processing./ We will consider the
causes of these errors. Methods of elimin-
ating them are described in the next section.
They include longitudinal and transverse de-
focusing resulting from the shifting of points
A and A' (Fig. 1-a), introduced to produce
the required type of interference pattern;

Fig. 1. The Ontical System inclination of the photographic objective
with respect to the axis of the beam leaving

Key: 1. Laser the system, leading to distension in the

2. Focusing objective interferogram equivalent to additional astig-

3. Beam splitter matism; and inaccuracies in the manufacture

L. Surface under test of the standard mirror and additional spher-

5. Standard sphere ical abverration arising with apertures greater

6. Objective than 0.30.

7. Film plane

Obtaining Digital Information

In order to process by computer the information in the interferogram, it must
be converted to discrete digital form. For this purpose the interferogram is
measured. The measurement procedure depends on the mathematical apparatus
for reconstruction of the wave aberration function. An interferogram on film
is measured using a UIM-21 (23). The distances from the axis of rotation of
the measuring table to the points of intersection of rings by radii at angles
selected so as to encompass all the characteristics of the interferogram, or
the X,Y coordinates of the rings (or fringes), are measured. In addition the
X and Y coordinates of 10-20 points on the edge of the pupil are measured. The
41
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main gource of nolse in weasuring the coordinates of the rings is the indeter-
minacy of the position of the obJect of interest, the photometric moximum
(minimum) of a fringe, when obgerving with a visual instrunent. Its relative
slze is about £ 0.05--0.C8 of the visible breadth of the fringe.

Mathemat Leal Apparatus

JElimination of the error peultine from inelination of the axis of the photo=
graphic objective relative to the axis of the bemn leaving the system heling
tested./ In order to eliminate th's error we mush aetertine the ellipticity

of the pupil bvorder it the interfercgran and correct the tmeasurcment results

to a cireular pupil. The coordinated of the center of the pupil are determined
in advance as the arithmetical results of measurement of the X and Y coordin=
ates of points on the papil bhorder. The coordinates of XO and YO thus derived
are the starting point for a nonlinear least=-squares analysis, involving min-
imization of

N
-\ l)R‘ dR‘
;}T“‘R:p— R --;,-5; AC, —~ T " AC,.],

where

Cy = XO; Cp = YO, Ri=V (A= XO) 4 (V1= YO

and J is the index of the iteration interval {1].

The pupil border is given in polar coordinates as follows:
p=racos?(y~2)
where p and ¥ are the radius vector and the polar angle; and p, a and & are

unknowns. To determine the unknown parameters we use the following series of
relationships in discrete form:

."l Q.y; e
Vol mdar | (p )2 dyemadz [ XYY =arzsinda,
' J v

The resultant r, a and & are the initial conditions for the nonlinear least-~
squares analysis with ccnvergeace criteria 4r= 10"3, Aa= 10‘3, Ak=5.10"
rad. Thesc parameters must be determined beforehand, since the least-squares
method may converge to a false extremun (1]. Real values for a are about 0.05.

/Reconstructing the wave aberration for the system being tested./ The inter-
ferogram being studied reflects the wave aberration we are seeking with defoc-
using. The rings (fringes) of the interference pattern are the degrees of
discretization of the wavefront by N . The defocusing is an additional
function and must be eliminated:

P(X.Y)mCO+Cl o X+ SIRYHCN s (X4 ”("))?

The defocusing is eliminated by the least-squares method with the criterion
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¥
‘2",["'('\'4: Y1) = P(Xy; V)] == min,

where the summation is carried out for all measurements, giving the minimum
mean square wave aberration, and accordingly the maximum Strehl number (2].

The fact that the total defocusing produced in the interferometer system and
contined in the wave aberration of the system is eliminated means that analysis
of the image quality will be carried out on the optimal plane of the apparatus
and at the optimal point on it. In the operation of a spherical mirror, the
spherical aberration which is linearly dependent on €20 (1) does not arise
from the aplanatic point or an aspherieal mirror with a corrector under the
same conditions.

Here (with an aperture greater than 0.35) the defocusing is eliminated using
a K determined in advance by calculation from the test system:

N V
“\:l' [F(Kﬁ }‘[) "‘p(Xl; YI); —K s C> [x?.’. )"}] -
== N, (2)

In order to construct the wave aberration diasgram of the system in question,
which is required, for example, in industrial testing of mirrors, and also
for image quality analysis, it is necessary to reconstruct a two-dimensional
wave aberration function. This function is reconstructed by a least-squares
approximation with analysis of the significance of the coefficients that have
been derived, making it possible to eliminate measurement noise. Three var-
iants of least-squares approximation have been developed.

The first method makes use of Zernike's polynomials, orthogonal on a circle.
The system of normal least-squares equations is solved by the Gauss method.

As indicated in [7], the number of operations required in solution of a system
of linear equations by the Gauss method is close the the theoretical minimum.
Operation of the program in the test mode indicates a good degree of de-
pendence in the system of linear equations.

The second approximation method also uses the Zernike polynomials, but the
system of normal equations is solved by the orthogonalization method (3, 8].
The selected basis (the Zernike polynomials) is orthogonalized on a random
sampling function using the Gram-Schmidt method [8]. Neither of these programs
requires prior elimination of defocusing, since the defocusing polynomials

are present in the basis selected and the approach to elimination of defocus-
ing described above is retained.

In the third variant, the system of normal equations is also solved by the
method of orthogonalization, but the orthogonal basis is produced as described
below. This method requires measurements along the radii. The defocusing is
eliminated beforehand in accordance with (2). On each measured radius, we
construct according to the Forsythe relationship [1, 3] the orthogonul basis
Qim( p)s where m is the number of radii and i is the degree of the polynomial,
after which we construct an orthogonal basis in 'f—\pjm on the sampling function
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funetion Por the vadial angles. We treat the polynominls Qip, as o single
polynominl {my =const) by Joining the coefficlents of the Forsythe recurrence
relations by splines. It is easily sgecn that the basle Y ((?)an(f)) 1s also
orthogonal. This method is promising for large sampling funetions. After
finding the coefficients we analyie their significence by the test {1)
(2 2= W QD O QN =00 e
cro TR e mm s b = S e & hop-nts
where 3 is the vector of the coefficients obtained, p{0) is the covariation
matrix for evaluation of the paraueters and O ¥mPm =2y 18 the hypothesis.

In the second nnd third variantc we annlyne the hypothesis Sj_= 0, where

121, 2,0005m (bsl, @200, 9, 1,003 4=0), while in the first variant we
analyze a more complex hypothesia in which b= 2, {.e. the coofficlents are ana=-
lyzed in pairs starting with @y and 0 ;41, and then additionslly with the
highest correlations. HNext the error of the standard mirror which has been
determined in advance by the throe-mirror method is subtracted from the recon=
structed wave aberration.

In cages of large loral errors We use the second method of reconstruction of
the wave aberration, and in cases of smooth wave aberrations we use the first;
the existence of program systems with several methods for reconstructing the
wave aberration makes for high quality and reliability of results.

Analysis of Image Quality of the System Under Test

Analysis of image quality entails determination of diffraction point

gpread functions, the energy concentration function and the two=dimensional
optical transfer function. According to the scalar theory of diffraction

{2, 4], the point spread function is determined by applying the fast discrete
Fourier transform (FDFT) method to the pupil function. Introductions to the
FDFT algorithm are given in (5] and [6]. A special version of the fast Four-
{er transform algorithm without bit inversion and with a shift in the coord=-
inate origin, without an lncrease in the number of operations, which uses
zeroes bordering the pupil function, has been developed. To determine the
oPF  [optical transfer function], an algorithm for transformation of the real
function is used. The energy concentration function (FKE) is computed by in-
tegrating the point spread function (PSF [FRT]) over circular domains by the
Simpson method. The energy concentration function, the point spread function
diagram, the frequency~contrast and frequency-phase cross sections and the
frequency-contrast curve on & logarithmic scale are output on a printer.

We illustrate the use of this mathematical apparatus and the computer programs
to perform calculations on interferograms through the example of testing of

the main hyperbolic mirror, 1,100 mm in diameter, of the AZT-2h telescope.

The interferogram shown in Fig. 2 was obtained from the center of curvature of
the mirror with a spherical aberration compensator applied to the mirror. Fig.
3 ghows the wave aberration contours of the mirror after gelection of the opti-
mal comparison sphere. The printer also produced & cross section of the sur-
face deviation from the ideal over 45°, the point spread function, the frequency
frequency-contrast curve and a contour map of the point spread function and the
frequency-contrast curve. Fig. b shows a graph of the frequeacy-contrast curve
and the energy concentration curves. The broken lines are for the ideal systen.
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The ealeulations were made for A= 0,63 microns and a central screening value
of 0-5-

This automated method for interferometrie testing has a high information value
and is accurate and fast, rendering it applicable for industrial and certifica=
tion testing of large=-scale optics.
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Fig. 3. Wave Aberration Contours of Mirror
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0 o & 16 as ior

Fig. 2. The Interferogram Fig. 4. a: Energy distribution in
scattering spot.
Central screening 0.5 (r= A/ais the
radius of the diffraction scattering
spot; u is the rear aperture).

g: Frequency-contrast characteristic
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UDC 535.81:778.b

COMPUTER PROCESSING OF INTERFEROGRAMS AND DETERMINATION OF THE POINT SPREAD
FUNCTION AND OPTICAL TRANSFER FUNCTION IN TESTING AND FINISHING OF OPTICAL
SYSTEMS

Leningrad OPTIKO-MEKHANICHESKAYA PROMYSHLENNOST' in Russian No 9, 1978
pp 25-28

[Article by M. A. Gan, S. I. Ustinov, V. P. Kotov, P. A. Sergeyev and I. N.
Tgvikevich]

[Text] A method for constructing a complete contour map of
wavefront deformations and calculating optical transfer
functions (OPF) from the results of interferogram proces-
sing is discussed. The method is pased on approximation of
wave aberrations by polynomials which are orthogonal over a
discrete set of points and utilization of the fast Fourier
transform. It is demonstrated that calculation of optical
transfer functions for actual wave aberrations is in good
agreement with results from recording of two-dimensional
optical transfer functions by the hologrephic method.

The high requirements for image quelity of modern optical systems for various
purposes such as large-size astronomical and photographic systems [1], ob-
jectives for microelectronics, optical systems for coherent computer devices
[2] and so on require not only design of practically aberration-free systemns
but also accurate testing, assembly and adjustment of optical products.

Accordingly it is a pressing problem to determine the level of acceptable re-
sidual aberration and to compensate manufacturing defects in optical parts

on the basis of results of wavefront deformation testing. Since the accept-
eble level of aberration is determined by the diffraction structure of the
image, it is necessary to calculate the point spread function (PSF [FRT])--
the image of a star--and the optical transfer function (OTF [OPF]) for the

real wave aberration of a system during its finishing and testing.

Quantitative analysis of the effect of manufacturing defects is apparently
carried on by the leading foreign companies [13-15], which in combination
with an sutomated retouching process enables them to significantly speed up
the finishing of complex optical systems.
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Real wave aberrations are usually not symmetrical, which makes the task of
presentation of the caleulation results required for decisions regarding
correction of the optical system significantly harder. In addition to cal-
culation of such generalized eriteria as the standard deviation of the yave-
front and the Strehl number (3], methods for the presentation of two-dimen=
sional point spread functions and optical transfer functions using computer-
controlled alphanumeric printers and graph plotters are necessary.

The remarkable properties of the Twyman interferometer [U] as a device for
testing optical systems were noted as early as the 30's by many investigators
[5, 6], but extensive application of this method was hindered by the lack of
& source of light with a large coherent length. 1In addition, the processing
of interferograms by graphic or graph-analytic methods required long periods
of time.

The development during the last decade of effective methods for computing
Fourier transforms and the use of computers has speeded up the processing and
interpretation of interferograms. The use of the laser as a light source
made 1t possible to develop a compact and rather universal unequal=-path inter-
ferometer [7], which is apparently the most widespread and convenient method
for testing wavefront deformation in both the assembly and the final testing
of optical systems.

Holographic optical components (GOE) are used in image formation systems and

in optical information processing devices. The interferometric method is suit-
able for testing these components, since the recording device is easy to

change over for testing of the wavefront to be reconstructed by these com-
ponents.

Illumination extrema appear on the interferogram as a line of constant phase
difference between the reference wavefront and a wavefront which has passed
through the optical system (if the tests are carried out with an autocollimated
device it is necessary to allow for the Q factor for passage of the light
through the optical system under test.

After the coordinates of the interference fringes have bezen measured and the
corresponding numbers assigned, we obtain the values WRr for the discrepancy
between the wavefront being studied and the reference wavefront over a system
of points {(X, Y)yys i=1, n; =1, Py}, where i is the number of the inter-
ference fringe. Accordingly the wavefront discrepancy W, can be written as
Wg(x, y)iJ==Ai/Q, where A is the wavelength of the light used to make the
interferogram. According to the superposition theorem [3],

WR— W'+ ‘VSR’ (])

where W is the wave aberration relative to the nearest reference sphere and

(for small aberrations) . . .
Wsp (X, V) =D (X2 4 V) Lyr +Lyy+C. (2

vhere D, Ly, Ly and C are parameters characterizing the transition

from the reference sphere for which the interferogram was obtained to the
nearest sphere for the wavefront being studied.
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In general the system of polnts {(X, Y)ii} ta irregularly distributed over
the surface of the interferogram and the selection of the reference sphere is
not the best possible for agsuring minimum deviation from the wavefront being
tested; moreover, inalination or defocusing of the reference front makes it
easy to number the fringes, so that additional processing of the

fringe coordinates is neccessary to obtain the dlstribution of the wave
aberrations W. Tais processing comprises two stages: determining the
optimal parameters of the reference sphere, and interpolation of the wave
aberrations W for a nonuniform puttern {{(X, Y)yy}+ 1The latter is necessary
both for presentation of the wave abarrations in the form of contour maps and
for the computation of the point spread function and the optical transfer
function.

Both stages of the processing of the interferogram can be carried out by ap-
proximating the function Wp by a system of functions ap m¥ym (¥ 5 XOY0),
while the coefficients ap m can be obtained by the classical least-squares
method {1]. This requires the setting up of & system of normal equations. We
carry out a sequential numeration of the points (X, Y)L,=(x, Ty k=1, N,
where N=pj+ ... *+pp.ond of the quantities Wgyj = Wgky 88 well as a sequential
fiumbering af the coerficients ap = 8 and of the functions¥p .= %W » vwhere
L=((m+n)2+3m+n)/2. Then the system of normal equations takes the form
Lt .

N\ YRy

%a,v{;’eql = [Wagh 0=0,ei L,
where L=M(M+3)/2; M is the maximum degree of the two-dimensional polynomial
%,; and [] are Gaussian brackets indicating summation over k from 1 to N.

The coefficients of the system of normal equations depend on M, and accordingly
to increase the degree of the polynomial from M to M+1 it is necessary to set
up and solve & new system of L equations for a new value of M; in order to
avoid this difflculty we carry out an expansion of the function WR to be ap-
proximated, in terms of functions @ which are orthogonal over the discrete set
of points [(X, Y);} and normalized, i.e.

—[1 |m=q
(%79} = Y0 1 4.

The system of functions 9y can be obtained by orthogonalizing the system of
independent function Yy by the Gram-Schmidt method (functions which are
linearly dependent over the system of points ((X, Y)k} must be excluded).

Suppose that ¢ -1 coefficients «?d) of the expansion of WR by the system of
functions ¥4 have been calculated; then the non-normalized orthogonal func-
tion ¥ corresponding to ¥ is determined by the following formula:
-1 ’ b
?] = 2 l““?‘ + "h- (3)
=

where )
== )
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In addition we ecaleulate the non-normalived coefficients ?M !
-T“=I. eeat L,

~ 3 )
o™ Zpl'ﬂ“. eeann 01
=i

Next we normalize . L
9”([?[’?1“"2‘

=0, e

Now it 1is simple to compute the coefficient Pp in the expansion of WR eorresg=
ponding to ¥, and the changes in the coefficients oty (0414€)

b= Wep ] (0)

m

and o

off ol 1, (0 < L <L),

The condition for termination of the calculation is either attainment of the
required accuracy (evaluated by standard deviation or the absolute value of
the maximum deviation at each point) or attainment of the specified degree of
the polynomial.

In addition, statistical analysis and evaluation of the significance of the
difference from zero of the coefficients fy is carried out according to the
Fisher test [9]. The initial conditions are given for £ =0 by the following

relationships: %_;o -l

Calculating the first coefficients 040& 5 makes it possible to determine the
optimal (in terms of standard deviation) values of the parameters Wgp:
Cr==aye=ay; T
Lywmayma by =y I
D w= (03 4+ 0,)/2 = (a2, 4 a.)f2.
In addition the effective value of the astigmatism A and its orientation
are calculated:
Ame05 (a0 — @) -+ o)), ]
0 == 0,5 arcty (a)/(ax ~— ar)).

If the above-mentioned conditions for termination of the calculation are not
fulfilled, the degree of the approximation polynomial is increased by 1 and
the calculation proceeds according to formulas (3)-(7). The coefficients a; p
found in this way are revised in accordance with expression (1) and ultimateiy

. the coefficients of W, p for the expansion of the real wave aberration in a
Taylor series for the plane of best placement are obtained. The wave aberra-
tion can be simply calculated for any point in the pupil using the coeffici-
ents of Wy p.
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tion by u locally linear method. We have also provided for linear and non-
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Processing of the interferogram provides information on the phase composition
of the pupil function P(xp, Y..) in some cases (e.g. in optical systems oper=
ating with Gaussian lager beams and holographic optieal elements). This in-
formation should be supplemented by the amplitude component of the pupil fune=
tion A(Xp, Yp), when the overall function will have the form

P(Xp, Vo) = A(Xp, Yp) cxp (kW (N V),

where (X., Y,) are normalized coordinates [(10]. 'The pupil function is related
to the point spread function and the optical transfer function hv the well-
known relationships [3] oPT(X, V)= €\ |F(P(Xp YN (8)

Ol (1g, vy) = CiF (PPT (X, V), (9

where F is the two-dimensional Fourier transform operator, X and Y are the
normalized coordinates in the image plane [11],v y andvy are the normalized -
spatial frequencies in image space {11], and C; and Cp are constant multipli-
ers.

The calculation of the point spread function and the optical transfer function
by (8) and (9) ic carried out by the OTFDF gubroutine using a fast Fourier
transform (BPF). The use of the fast Fourier transform makes it possible to
calculate the point spread function and the optical transfer function directly
using the discrete Fourier trnasform, but satisfactory accuracy required stor-
age and processing of large quantities of information which are not stored in
the working memory of the computer. Accordingly we used magnetic drums to
store the calculation results and certain intermediate data, but the inter-
change with the drum was organized in large blocks of information using the
BAROBMEN subroutine system [11]. The Eklundh method was used for transposi-
tion of matrices, required in the performance of the two-dimensional Fourier
transform [12]. The above enabled us to make full use of the advantages of
the fast Fourier transform. The current variant of the program for the BESM-6
computer can calculate point spread function and . optical transfer func-
tion matrices with sizes from 6l x 6l to 256 x 256 elements.

As an example we consider the processing of an interferogram of an astronom-
ical objective with a pupil diameter of 500 mm obtained on an unequal-path
laser interferometer for a point on the axis with A =632 nm.

Fig. 1 shows the distribution of wave aberrations with respect to the plane
of best placement and Fig. 2 gives the results of calculation of the point
spread function. Here the mean square value for wave aberration was 0.1k
and the boundary values -0.65A and +0.38 A, the effective astigmatism
A=0.26 A and the Strehl number 0.5.
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S0 <05 0 g5 Wy

Fig. 1. Wavefront Contours (Distribution of Wave Aberration).
Xp and Y, are normalized coordinates on the screen. The contour interval
correspogds to a wavefront difference of 0.125 A ,

Fig. 2. The Point Spread Function (Normalized to the Strehl Number).
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The results of calculation of the two=dimensional optieal traunsfer funetion
from the interferogram were compared with results from recording the modulus
of the two=-dimensional optical transfer function holographically obtained by
P, A, Sergeyev and I. N. Payikevich. This method ia based on holographic
recording of the overall amplitude distribution in the image of a point and
is analogous to the {mplementation of the digital method of computing the
optical transfer function. The results of snleulation of the modulus of the
two~dimensional optical transfer funetion for an objective are shown in

Pig. 3. Fig. b presents a graph of the moduli of the optical transfer func-
tion in the best and Worst cross seetions. As can be seen from the figures,
the caleulated and measured values agree with an accuracy of % 0.03, which
does not exceed the error of experimental determination of the modulus of
the optical transfer function.

1), should be noted in conclusion that contour maps of wave aberrations can
be used to determine the areas and amounts of retouching; in addition, it is
possible to determine the effectiveness of retouching by computer modeling.

Fig. 3. The Modulus of the Optical Transfer Function.
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Fig. 4. Comparison of the results of calculation of the optical transfer
function for real wave aberrations (Fig. 1) with data obtained by the holo-
graphic method: a is the modulus of the OTF in the best section, b is the
modulus in the worst section, ¢ is the modulus for a corresponding optical
system without aberration. Broken lines represent calculated values, circles
represent experimentally measured values.
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UDC 666.11.01:535.323
CATALOG OF OPTICAL OLASSES OF THE USSR AND GDR

Lengggggd OPTIKO~-MEKHANICHESKAYA PROMYSHLENNOST' in Russian No 9, 1978
pp Sb-

(Article by Corresponding Member of the USSR Academy of Sciences G. T.
Petrovskiy, I. M. Buzhinskiy and Candidate of Seiences V. N. Polukhin]

(Text] The efforts to develop a Jjoint USSR-GDR catalog of
optical glasses are briefly characterized, their structure
and content and the product range described, and the im=
prortance of the issuance of the catalog for current and
future development of socialist integration in the optical
glass field evaluated.

In keeping with the plan for scientific and technical cooperation between the
USSR and the GDR in the area of optical glass making, in 1976 a catalog of
optical glasses of the USSR and GDR was compiled and issued. The compilation
of the joint catalog by the two largest producers of optical glass, each of
which has its own long individual developmental history and traditions, is
the first such experience in worldwide practice.

Compilation of the catalog required the solution during 1973-1976 of a complex
of organizational, scientific and technical problems.

With the participation of a large number of specialists, the USSR-East German
working groups solved the key problems, without a resolution of which it
would have been impossible to compile a jJoint catalog of optical glasses. A
unified system of norms for the main optical glass parameters was worked out
and unjfied norm and reference values to be included in the catalog were es-
tablished. Unified methods for testing the numerous glass parameters were
found. We should note that at this stage the testing methods and apparatus
could not be completely unified, but it was reliably demonstrated that in
spite of the existence of differentes they gave identical results in measure-
ment of glass parameters. Unified quality requirements for optical glasses
vere determined and unified evaluation criteria adopted. The catalog listing,
consisting of 238 glasses (an equal number for each of the two participants)
was developed. The determination of the 1ist was a complex problem, since it
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was connected with established production of optieal instruments on both
sldes and accordingly alterations in it could not always be made quickly
where desired. Accordingly it was necessary to include in the catalog a
large number of "duplicate" glasses; this it why the catalog is called
"Joint" and not "unified." Complete unification of the 1llst is a future
task, which will be intricate and prolonged.

The 1ist of optical glasseo wag approved during compilation of the catalog:
25 new varieties of glass with extreme optical constants were incorporated,
offering new possibilities for instrument making, and little-used and non=-
recommended glasses were eliminated. The glasses on the list are at the

game level as those of the leading foreign companien, and in some cases sur-
pass it. This catalog initiates the inclusion of not only optical glasses
but also quartz glass, glass for fiber optics, and glass for bifocal eye-
glusses with an invisible dividing line. Unified forms of supply were estab-
lished and regulations for designation and coding of glasses coordinated.

In order to carry out these measures, the specialists on both sides conducted
an immense amount of supplementary investigation of glass quality, testing of
procedures, review, revision, updating and expansion of information on the
physical and chemical properties of glasses, and also developed new procedures
for investigating quality and rating properties.

During compilation of the catalog, the quality of optical glass was improved
in a number of respects, including such important ones as light absorptivity
and bubble content. A special section was devoted to specially pure glasses
with light absorption coefficients of 0.1-0.3 percent per centimeter. Glass
products with smaller tolerances and improved quality indices were included.

The Joint catalog of USSR and GDR optical glasses is the most complete single
modern reference work on optical glass, The extremely detailed text, includ-
ind a description of the catalog, appendices and also lists of the properties
of each type of glass, gives the designer exhaustive information about the
glass, its quality and the available forms, significantly simplifying the
correct selection of glass and expanding the range of its applications.

The catalog gives for the first time refractive indices for all laser frequen-
cies, provides a dispersion formula for calculating refractive indices for
other wavelengths, and presents diagrams for the gelection of pairs of glasses
with minimal secondary spectral values in four wavelength regions:

U=F(F), lg=FF) (F(F)—e, [F(F)=r|

along with complete data on the light transmissivity of domestic glasses
(ordinary and high-transmissivity) for the entire spectrum.

The catalog gives 153 characteristics for each glass (the All-Union State
Standard GOST 13859-68 gives 88).
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Table 1.
USHR Glasges Crewaa COCP
N Mapka 1| Kosonuil 2 " Y Ne Mapxa L] Kozosnit 2
n'n cteraa nomep d d n ¢tekna HoMep ny
| JAK1 LK 001 43986 69,81 61 b2l BF 239 1,61413
2 JIk3 002 48746 70,04 62 b4 242 1,63455
3 JIR4 004 40037 65,12 63 Bb2s 243 60772
4 JKo 007 A7047 60,83 64 Boug 45 63055
b JIK? 009 1,48287 66,33 65 b7 248 60682
6 JIK8 ol 1,47086 63,53 66 B28 48 66426
7 oKlipg o2l 1,61007 6014 67 BOR 219 57941
8 SKI3 22 54687 67,60 68 THe4 PP 2 17878
9 K14 024 57008 65,08 69 THDI 210 115586
10 TOKITFK 040 ,60848 685,22 70 TBYS 274 85850
1l 1,52158 59,62 n T649 205 80847
12 K2 052 1,50047 56,02 72 THW®2S * 276 81239
13 K3 054 1,51007 63,36 ) TH$10 n? 1,81481
14 K8 056 51637 64,07 74 TEd 11 278 K
15 Kid4 059 51478 60,03 75 JAds LF 296 7
16 K15 061 , 8547 76 o 08 67842
17 Ki8 063 51918 60,36 7 J1$8 299 155
18 K19 064 1,51878 61,69 78 Jd9 1,58013
19 K20 068 52638 60,18 79 JAdl0 301 1,54811
20 bK4 BK 081 1,53028 60,47 80 Nl 302 ,
21 BK6 083 1,63098 59,67 81 Ad12 304 1,54021
2 BK8 083 1,54678 6278 82 @I* § 316 161205
2 bBK10 038 1,56889 56,05 83 $2 318 1,616
jd | BK13 093 1,55048 61,15 84 ¢4 320 1,62435
25 TK2 107 1,67249 57,48 ¢ 3 1,6032
P] TRy 100 1,61120 85,82 86 $9 327 1,61386
2 TK8 m 1,61410 55,13 87 $13 20 1,62005
28 TKY 113 1,617 51,05 (4t ] 331 1,6249
N TK12 15 1,5(838 62,93 89 Tel T 341 1,64767
J TK13 117 1,60389 60,63 9% Td2 344 1,67268
31 TKI4 1o 1, 60,58 9] Td3 345 1,71741
32 TK16 121 1,61269 58,35 92 Td 347 1,74002
It4] TK17 124 1,62800 89, 03 T®S 349 1,75523
M TK20 125 1,62210 56,71 94 Td? 351 1,72822
3 TK21 127 1,65691 51,12 95 T8 353 1,68949
36 TKR23 29 1,55919 61,24 To10 1,80627
37 CTR3 ST 166 1.65950 5735 97 Tl 357 1,64878
38  CTK7.§TK 168 1,68701 535 98 T®12 358 178517
39 CTRS 69 1,70313 49,69 199 T$13 359 1,78466
40 CTKY 170 1,74263 50,24 CT®2 STF 366 1,94449
41 CTKR10 172 1,73794 48,11 101 CT 367 217018
42 CTKI2 174 ,69201 55,01 102 CTo11 368 , )
43 CTR1S 176 1, 1 54,77 103 0%l OF 1,52949
44 CTK16 177 1,78595 46,62 104 O3 9 1,61242
45 CTK19 178 174413 50,42 105 Od4 390 1
46 CTK2 180 76482 50,25 106 0d5 301 -+ 1,66264
17 OKI1 191 1,52226 7635 107 06 302 1,60121
18 0OK2 193 55027 73,08 108 Kyt Ku 750 1,45816
49 Kdd KP 1,51818 58,95 109 Ky2 751 1,45846
50 Kb 205 K 57,21 110 KB 752 1,45846
51 K7 207 1,51759 51,15 11 KW % 783 1,45846
52 Bbl BF 217 1,52479 5495 112 KB-p KV-R 754 1,45846
53 b4 219 1,54809 113 BBK3 BBK 774 15210
54 bbb m 1,56970 49,45 114 BOK! BOK 770 1,5220
55 K7 03 1,57960 X 115 BO$2 ROF 77 16247
56 b3S 225 1,58271 46,47 116 BC652 1,68243
57 b1l 221 1,62231 53,14 117 BC586 854 1,568502
bedl2 29 1,62 39,10 118 BCS13, 862 . 151311
59 GehI3 231 1,63962 48,27 119 BC488 863 1,48806
60 b6 28 1,67103 47,20 120 JKS LK 005 1,47817

Key: 1. Variety 2. Code number
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Tablie 2.

GyDR Glueseen Crenaa V1P

RSB, ——

A Mipxa L] Koaonwii? " . o Mapua T Kononwi ©
uju ctekad novep o d " l Crenaa ! novep
| FR3 (K] 146450 G ") E3 156
2 FKb 016 1,48749 69,00 i ISFH 357
K] PSKI 013 1o tesd 62 BaFd 308
4 PyKI 0 155231 Wi g0 6GA KakH 359
5 PSK2 V45 1,56371 63,0 b Hatif 360
6 1KY 058 1,49450 66,0/ 65 Ral’ 32
7 K3 059 1,493 65,14 &6 Bat’8 364
3 BK? v 151606 64,06 ¢ Barg 365
Y BRY 066 1,53114 62,12 68 Hal'to 367
10 hK? 068 1,51667 64,06 60 KeFi 483
1 K1l 101 1,50013 61,50 70 Kzk'$2 181
12 b0 102 1,50136 56,46 7 K2FSt 36
3 K 104 1,50976 61,85 72 K23 ey
14 1 107 1,516 54,499 i3 KeF6 381
15 K13 109 1.5?‘{40 5,1 7 Lat! 408
16 Kld 110 1,52421 58,62 75 Lal’ 402
17 Kl4 113 15242 58,5¢ 76 LaF 409
18 ZK7 124 1,50851 61,05 77 LaSF 423
19 ZK2 127 l,5‘,’068 60,13 78 LaSF 124
20 7K1 128 1,53316 55,01 79 LF? 457
2N ZKS 129 1,53373 £5,13 &0 LF3 460
2 BalK2 142 1,61783 61,04 8§l F8 474
03 BaK?2 155 1,53096 59,6 32 F16 475
b1t Bak$ 156 1,5%70 58,57 83 F5 417
2% BaK4 158 1,56844 56,00 84 F3 179
2 BaKl 159 157248 57,45 85 i'4 480
a7 Bakdn 162 1,56881 56,02 86 E2 181
3 SK 171 1,56:335 60,72 87 Fil 442
n SRS 173 1,58912 61,29 83 . 185
30 SK13 174 3.69I§'J 58,21 89 RaStJ &l
a SK14 175 1,60352 60,96 90 BaSFl 503
:  SK2 177 160733 56,71 9l BaSF4 501
33 SK4 181 161273 58,63 mn BaSF9 505
34 SK6 183 1,61376 56,30 93 BaSk2 506
35 SK9 184 1,61106 83,17 94 BaSFo 507
J6 SSK4 185 1,61766 55,12 95 BaSF?7 L
37 SK16 186 1,62042 60,26 96 RaSFy 509
33 SK15 187 1.62299 58,13 97 F 520
39 SK10 188 1,62280 55,87 N SK2 522
10 SK18 189 1,63853 55,5 9 524
31 SK24 203 1,66359 56,41 100 19 525
12 SKu2 204 1,67807 55,00 10! S 526
43 SSK10 205 1,69341 53,50 102 8 527
44 SSKIt 220 1,75300 53,11 103 15 623
15 SSK1 263 161719 54,05 104 | 529 o
16 SSK7 265 1,61848 50,35 105 10 S3H)
17 SSK2 266 1,62229 53,14 106 3 5
43 SSKH 267 1,65843 50,86 107 13 832
£ LLF8 284 1,5330+4 45,15 108 4 513
50 KF3 J0! 1,51454 54,66 109 SFI4 534
51 K¥8 307 1,51116 50, 110 SF11 515
52 RaLFS 319 1,54740 53,61 1] SF6 536
&3 BaLF1 R 1,56248 50,89 112 SFS! 537
i) BalF3 322 1,.57134 53,00 13 Q1 871
kY] BaLF4 34 1,57957 53,9 118 Q2 8§72
B BalF9 327 1,59306 51,93 15 Q3 873
57 LLF6 38 1,53171 48,90 116 sQI 873
S8 LLF2 339 1,74072 47,2 17 D4 X
a0 LLF7 341 1,54869 15,1 118 KLF 382
Key: 1. Variety 2. Code number ’
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The bext of the catalog includes the following sectlons, which give selentific
deseriptions of the determining properties of glasses: optical constants,
transmissivity and scattering, chemical stability, temperature characteristics,
mechanical properties, electrical and magnetic properties, quality indicators,
forms of avallability, test logs, lists of data on properties (an individual
1ist for each variety), diagrams of glass types and the characteristic dis-
persion curve for the spectrum.

The appendices give tables of reflectivities as a function of refractive index,
nomograms for determining the internal transmissivity and the overall trans-
missivity from the light absorption coefficient; tables of coefficients for
converting the measurement units used in the catalog into the international
system of units, and geometric dimensions and tolerances for various available
shapes (Appendices 81 and D1); changes in the list of glasses of codes S and
D (Appendices S2 and D2); optical quartz glass (Appendices S3 and D3); opti-
cal glass for fiber opties (Appendices Sk and Dh); optical glass for eye-
glasses (Appendices S5 and D5); and high-transmissivity optical glass (Appen-
dices 86 and D6).

The catalog is compiled in two languages and printed in two identical variants:
variant S, in which the description begins with the Russian text, and variant
D, in which it begins with the German text. The designations of the catalog
are: complete catalog; version 8, 0Sl; version D, ODL. A list of the
glasses included in the Joint catalog is given in Tables 1 and 2.

In the opinion of specialists on both sides, the catalog is a document of
great importance for the further development of optical glass and optical
glass making and an example of successful implementation in practice of so-
cialist integration.

Even during the preparatory stages, optical and mechanical experts on both
sides made successful use of new optical glasses included in the Joint cata-
log in the development of new optical systems.

The introduction of this catalog will make it possible to improve the quality
of optical-mechanical instruments as the designers use higher-quality glasses,
and will lead to greater specialization and extent of socialist integration,
and as a result higher output and greater quality of optical glass.

Interested organizations may obtain the joint catalog of USSR and GDR optical
glasses from the House of Optics in Moscow.

Received 10 March 1978.

COPYRIGHT: Optiko-Mekhanicheskaya Promyshlennosy', 1978

8480
CS0: 81hL/0L69

61
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010033-3



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010033-3

FOR OFFICIAL USL ONLY

UDC 666.13621.375.9:535
MECHANICAL STRENGTH AND THERMAL STABILITY OF NEODYMLUM GLASSES

Leningrad OPTIKO-MEKHANICHESKAYA PROMYSHLENNOST' in Russian No 9, 1978
pp 39-L2

[Article by V. M. Mit'kin, Candidate of Sciences 0. S. Shchavelev and V. B.
Zheltov]

[Text] The results of a study of maximum stresses of the
lateral surfaces of active elements and comparison of these
data with thermel stebilities are presented. It is shown
that the mechanical strength of phosphate glass specimens
i{s within the 150-300 kg/cm® range and that for silicate
glasses in the 300-600 kg/cm® range. The thermal stability
of optical glasses of various chemical compositions is
studied. A method for evaluating the thermal stability of
glasses from their composition and coefficient of thermal

expansion is presented.

Neodymium glass, which is used in laser engineering for the manufacture of
active elements, has been an object of study for some time. Investigations
which were limited to questions of spectroscopy, thermal optics and manufact-
uring processes have resulted in the development of extremely promising
glasses [1, 2]. TFurther possibilities for the use of neodymium glasses in
laser engineering depend to a significant degree on the problem of their me-
chanical strength and thermal stability [3]. However, the literature con-
tains insufficient information about these properties.

We shall discuss the results of studies of thermal stability and maximum
stress on the lateral surface of cylindrical active elements and date on the
dependence of the thermal stability of optical glass on its chemical composi-
tion.

In contrast to the classical methods of breaking of samples (tensile testing,
bending, impact and so on) we created mechanical stresses in the active ele-
ments while they were in the laser head by optical pulping (internal heating)
and intense cooling of the lateral surfaces with liquid (see e.g. {4]). This
produces & quasi-stationary parabolic temperature distribution across the
active element as the pumping pulses are periodically applied, resulting in
stresses with a similar radial distribution in the material [5]. The maximum
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stresses occur at the center (compression) and on the lateral surface (exten-
gion). MTensile stresses on the lateral surface result in breaking when the
maximum value 18 exceeded. 1In the method employed by us, the stress on the
surface of the sample is uniquely determined by the frequency of the pump
pulses and is monitored through a conoscopic pattern observable when the
sample, located between crossed polarizers, is illuminated. For caleulating
the stress on the lateral surface of the cylindrical sample we used a formula
with rather wide approval in quenching technclogy [6, T]:

tue =2 553 M

where n is the number of rings in the conoscopic pattern; A is the wavelength
of the illumination source; 1 is the length of the sample; and B is the
optical load coefficient.

It is well known that the strength and durability of any glass sample depend
on the condition of its lateral surface and depend in practice on ‘the presence
or absence of microcracks. A temperature fluctuation mechanism correctly ex-
plains breaking [8]. The actual strength of a glass sample is considerably
lower than the theoretical strength determined from the strength of the

glass structure (8], i.e. glass breaks before the yield point is reached as

a result of defects in the lateral surface [8]. This circumstance and the
fact that the radial stress distribution in quenched samples and the samples
described above are identical (this is shown experimentally in reference [U]
by mutual compensation of stress) enabled the authors to use formula (1) to
calculate the stress G,., resulting in breaking of the sample. For this pur-
pose we determined the number of rings n.,., in the conoscopic pattern before
breaking of the sample and substituted the value into formula (1). The values
for the breaking strengths thus obtained for active elements with a diameter
of 10 mm and a length of 130 mm with an etched lateral surface are presented
in Table 1. The error in the values for ¢,,, which were found results pri-
marily from error in measurement of the number of rings ni.y , which amounts
to about + 0.5 and + 1 respectively for a small (approximately 5) and large
(2 10) number of rings.

Table 1.
1 2 oc3 k| ., S

Mapka Gupear Az.:"i‘(')"x ¢ °:| 20 Snpen’

crexaz KrfeM? | ¢ 130 mat | Kr/em® i Krjem?

GLS rpaici 520440 89 560£10 550

rjc3 46040 79 470+ 10 490

LGS JIrC250-3 430440 76 450410 470

KGSS KICcsr 390+20 55 395410 H0

Krccie2t  220+20 37 205410 230

Krccol99 160+20 3 180+10 200

Key: 1. Glass variety
2.0may kg/cm? [maximum stress]
3. OT" ef,
- P 2 .
L, oL, , kg/cm® [maximum stress calculated from formula (3)]
5. 0%k kg/cm? [maximum stress calculated from formula (4)]
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For systematic gtudy of the Lherpnl stalility off slasges as a function of
Lheir composit{on we used etehed smmplos Witk dimensiong of 9.5x 9.5x 61 mm
with a l-mm bevel on bLhe edges, manitactuved srom 31 industrial and experi-
mental optical nnd neodymium glasoes whioh «frforad from comnerceial glass,
whooe Lhermal stability in pbhor well atudied {(see g [6]) by a high volume
homogenelty of physlend and chemicnl propert s oand an uxtremely broad range
of chemical compositions based oi di ftecent glass=formers {e.g. phosphate,

silicate and 8o on). The samples were ow fr-wm highly homogeneous bubble~
free pieces of glass. After polishing with M2 powder for sillente and M5
powder for phosphate glasses, She sanples vere ~tohed Lo decreace the number
and the amount of danger {rom defect: and to distribute them evenly over the
entire surface., The above was aimed at decreasing the diftereuce in homo=
geneity of properties between gamples of a gingle variety of glass, which plays
a significant part in the dispersion of experimental thermal stability values
(for example, the pgreat digpersion of thermal stability of samples of non=
homogeneous technical glasses), The initinl measurements teken on a large
number of samples of the glasses KGSS1621 and GLS1 (38 and 33 samples respect-
ively) indicated that as a result of the above measures, the dispersion of
thermal stability values for different samples of the same variety of glass
was extremely small {no greater than 2-4° ¢), making it possible in subsequent
experiments to limit ourgelves to 10 specimens of glass of ench variety, or
even to five in a few cases (it must be noted that the dispersion of values
for cach variety of glass did not exceed the value indicated). 'fhe thermal
stability was determined by dropping samples heated in a special furhace into
water at room temperature. Before dropping into the water, the samples vere
held at each temperature for 20 minutes. Near the expected maximum loads, the
furnace temperature was increased by 2-degree increments petween trials until
all samples had broken. In design, our unit differed from the standard unit
used in dete;mining the thermal stability of commercial glasses (9] only in
the dropping mechanism.

The experimental thermal stability values AT in Fig. 1 were compared with the
values for the coefficient of thermal expansion ¢ for the glass in the tem-
perature interval 20-120° C using measurements obtained by the interference
method. Although the nature of the relationship T=f(x) for optical
glasses in general is similar to the relationship given in the literature for
commercial glasses [9], the presence of glasses from five different chemical
composition groups was clearly observable; for these glasses the relation-
ship can be written using linear equations with different coefficient values

ble 2): .
(Table 2) sar=ar,— 280, @

where 8T, is the thermal stability of a hnypothetical glass with &= 0; and
d(aT)/de is the angular coefficient of change of thermal stability. The
thermal stability of glass samples is calculated from equation (2) with clmost
the same accuracy as the experimental determination.

For glasses in the first group, including borosilicates with a coefficient of
thermal expansion not greater than 50+ 107 deg-1, the thermal stability de-
creases sharply as the coefficient of expansion increases. The glasses in the
other groups also showed decreased AT as the coefficient of thermal expansion
increased, but they had a practically identical value for the coefficient
64
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- Fig. 1. Relationship of Thermal Stability of Optical Glasses to Coefficient
of Thermal Expansion.

®.Borosilicates; @ alkall silicates; [ alumoborate-silicates; ™ calcium
phosphates; M calcium-strontium phosphates; O barium and lead phosphates;
<. alumofluorophosphates; A polylead silicates.

d(aT)/d« , about one-sixth that for borosilicate glasses in the first group.
Accordingly glasses have different thermal stabilities for the same coefficient
of thermal expansion. This coefficient is highest for the alkali silicate
group. Among phosphate glasses, those with calcium oxide are the most therm-
ally stable. Barium-phosphate, lead-phosphate and fluorophosphate glasses

are less thermally stable than calcium-phosphate glasses. The lowest thermal
stability is observed for multi-lead silicate glasses. The thermal stability
levels for glasses in the four latter groups differ by approximately 20° C.

The thermal stability of active elements 130 mm long made of a number of indus-
trial neodymium glasses were determined as a function of their diameters with-
in the range 5-15 mm. The relationship of 4T to the diameter d which was ob-
tained is shown in Fig. 2, and for samples of 10 mm diameter also in Table 1.
The figure shows that the thermal stability of samples decreases as their
diameters increase. Here in order to obtain a straight line we also included
points corresponding to the thermal stability of camples with square cross
sections which were used for systematic studies, taking the maximum cross-
sectional dimension (the diagonal) as the diameter. The extent of the de-
crease in thermal stability in a rod of silicate glass as the diameter decreases
by a millimeter averages 5.2 degrees, and that for phosphate glasses 2.7
degrees. The divergence of these values within the groups studied did not
exceed 1 deg/mm.

The thermal stability values which we obtained for neodymium glasses agree well
with the data of other authors [10]. We used them to calculate the maximum
stress in rods 10 mm in diameter x 130 mm by the well-known formula:
N E .
Snpes =—T— AT Bt S, ()
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vhere E is Young's modulus; HM ig the Poisson coefficient; and BiS, is a co~
efficient depending ou the intensity of heat withdrawal and the shape of the
specimen [5]. The values of BiSp in the function for Biot's criterion char=
acterizing the intensity of heat removal from the lateral surface of the sam-

ple for rod-shaped samples with circular (curve 2) and rectangular

cross section are shown in Fig. 3 (data from reference (6], supplemen
the authors for cylindrical samples). Under the experimental conditions,
BiS, = 0.65. The results of calculating O * y are shown in Table 1.
is good agreement with the values of O paxs thus indirectly confirming the
suitability of the method presented above for finding maximum stress.

F SRS TR U SR W S VU U 3 |

w8 8k

Fig. 3

- The connection between the tensile stress on the lateral surface of the sample
and its thermal stability can be described not only by the formula given above,
but also by e simpler formula obtainable by substituting in (1) the double re-

fraction value Npay A =Q1aT: " 0
Sapea ='2’B‘AT. )

where Q is the thermooptical characteristic of the glass &s given in {2]. The
calculated values O pay are given in Teble 1; an average value Q/B=3.1 for

the glasses was used in the calculation.
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Thus the investigation establishes that the mechanical strengths of the samples
of neodymium phosphate glass are in the 150-300 kg/cm2 range and those for the
neodymium silicate glass samples in the 350-600 kg/cm? range. 'The breaking
stress may be calculated rather accurately from the thermal stability of the
sample. It may be found relatively easily by experiment or estimated from the
composition of the glass and adJusted for the diameter of the sample.

In coneclusion we note that the stresses withstood by the glass samples depended
on the time of heating [11]., 'The maximum load values were greater when this
wag short. Fig. 4 shows the change in breaking stress on the lateral surface
of a sample 10 mm in diameter by 130 mm long of GLSl glass as a function of
the heating time t. The value Ut?mx determined from the thermal stability
corresponds to small t. 'The relationships obtained are described by the well-
known formula {11}

Here t is the durability of the sample and A and K are constants of the mater-
ial which depend on the temperature.

Table 2.
a b | Conepiamne ¢
Homep | Tpynua | ochoshbix ko] 47 | d(AT)/da,
rpynasti  crexoa | noscnros, wec. o [ 107 rpan™?
% | eg-
e B
. 1 Gopocuane 20z 40 88 a59  —4.2
Karnas fl\:é)‘ 23 fg '
S10, 50~70
RO 1202
2 werouwo- R,0 7-25 143 =07
cHANKaTHAR B,0, no 20
R,0; no 10-
Lo
3 Kaabumeso- 20 20 120 —0.68
docdarnas ;%:8’ i‘g }8
4 GapHeso- ' gf,‘%'l"g:gg
Brophoc PLO 10 45 108 ~068
datiian R:ga ‘;g ?0
. a0 65
5  suoroceuit
S10, no 20
HOBOCHAN- $ 101 ~07
KaTHaR PbO 75-85
Key: a. Group number 1. Borosilicate
b. Group 2. Alkali silicate
c. Content of main components, 3. Calcium phosphate
% by weight 4, Barium-lead fluorophosphate

5. Polylead silicate

67
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010033-3



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010033-3

FOR OFFLCTAL Ust ONLY
O,I(f,?:v" kg’/cma

K0

J

J00

1 [ A
e S0 60 9 lc
sac

Fig. 4. Effect of Duration of Heating on Sample Durability
Key: x: experimental values
Solid line: curve calculated from formula (5)
Assumed values: A=30,000, K=0.0148
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UDc 539.23b
WIDE-BAND D.ELECUTRIC MIRRORS MADE OF PIPANTUM AND STILLCON DIOXIDES
Leningrad OPTIKO-MEKHANICHESKAYA PROMYSHLENNOST' in Russian No 9, 1978 pp L6-47
[Article by L. T. Matskevich, V. V. Bazhinov and N. V. Ruchinskiy]

[Text] A method of producing broad-band dielectric merrors
for the 0.h-1.0 micron range from TiOp and 810, in which
the Ti0p is avplied by reactive evaporation of TiO, is
described. Graphs of the spectral transmission of 17-,

21~ and 33-layer mirrors are presented.

Currently it is mainly 2ZnS and flourides [1-3] which are used to produce
broad-band dielectric mirrors with a reflectivity above 90 percent, but these
mirrors have low operating characteristics. ‘The process of application of the
refractory oxides SnOp, Zr0p and 8i0o by electron-beam evaporation in a vacuum
(4] which has recently been developed does not solve the problem of manufactur-
ing broad-band mirrors, owing to the low refractive indices of Sn0p and ZrOz
films. By resistive evaporation of titanium and silicon monooxides in oxygen
(5] it is possible to produce two-oxide films of these substances with satis-
factory refractive indices. But this method is very lsbor-consuming in the
manufacture of mirrors with large numbers of layers.

We have demonstrated the possibility of producing peam-splitting and reflect-
ive surfaces with TiOp films by reactive evaporation of titanium oxides [6].
Using the process of reactive evaporation of TiOp we produced broad-band
dielectric mirrors for the 0.4-1.0 micron range. The coatings were applied to
a substrate of K8 glass, either unhested or heated to 350-400° C. The re-
fractive indices of the titanium dioxide films were determined spectrophoto-
metrically [7].

The films applied to the unheated substrate have a refractive index of 2.15-2.2
in the visible portion of the spectrum. Studies conducted since the conclusion
of the work presented in [6] have indicated that the refractive indices ob-
tained for titanium dioxide films depend on the quantity of the starting sub-
stance (Ti0) evaporated, i.e. the chemical composition of the substance in the
electron-beam evaporation crucible, which tends to have an increasing oxygen
content, so that the refractive index of the TiOp £ilm increases. The change
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in chemical composition of the material in the crucible can be observed
visually, since after the Ti0 has been hepted in the crucible for 30-40 min-
utes in the presence of oxygen (~ 5+ 10~ mm of mercury) the yellowish-brown
710 is converted into a mixture of blue-violet higher oxides (Ti503, Ti405 and
80 on). When these higher oxldes are exaporated, Ti0o films with refractive
indices of 2.15-2.2 are obtained. The refractive indices of TiO» films ap~
plied to a substrate heated to 350-400° C are 2.6-2.65 in the visible range
and decrease to 2.45 at a wavelength of 1.0 microns.

The broad-band mirrors were prepared from two oxides, titanium and silicon
dioxides. Both materials were evaporated by an electron beam evaporator. The
mirrors consisted of several elementary quarter-wave mirrors with intermediate
reflective bands [1, 2]. The mirrors all had the same design:

Ny N Ny IN] N
S (BH...B) HBH (BH...B) HBH (BH...B)
11 layers 9 layers T layers
(33-layer mirror on heated glass substrate)

Here S is the substrate, K8 glass; B is the TiOp layer, with a thickness of
N4y H is the Si0, layer, with a thickness of Mh; Xy, N3 and Ag are the
wavelengths for which the optical thicknesses of the T-, 9~ and ll-layer were
controlled; and \p and X\ ) are the wavelengths for which the optical thick-
nesses of the intermediate layers were controlled; A, and A) had values
intermediate between X1 and A3 and k3 and N5 respectively. A Ti05-5i0p
system consisting of 21 layers ?see figire, graph a, curve 1) was applied to
the unheated substrate.

The integral reflection was measured with a selenium photoelement with a cor-
recting light filter made of ZS8 and ZhZS18 colored glasses; for the mirror
in question it was 93.5% with a transmissivity of 5.6%. The accuracy of meas-
urement of the transmissivity and reflectivity was 0.1% and 0.2% respectively.
The light scattering, measured with a YuS-36, was 0.13%.

7% a 8 s

00

&

60

40}
- , 0

& = T
Q3 &0 2% 06 Q7 08 4 g5 ) 45 U6 8 4s 89 A,uﬁu

Spectral Curves of Transmissivity of Dielectric Mirrors
Key: a: curves 1 and 2 are for 2l-layer mirrors on cold and heated

substrates respectively.
b: curves 3 and 4 are for 17- and 33-layer mirrors on a heated substrate.
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A serlies of mirrors consisting of 17, 21 and 33 luyers were prepared on heated
substrates. The integral mirror characteristics are shown in the table and
the spectral churacteristics are given in the ligure.

Kuanueetyo "
106D 17 2 3

2|hnupammuh

rospdtutmens
otpawenim, % 94,0 955070  97,5--U8,0
Hrerpaannit
Koyddiittient
paccentns, % 0,12-0,13  0,11--0,16  0l8 030

Key:; 1. Number of layers
2. Integral reflectivity, %
3. Integral coefficient of scattering. %

The moisture resistance of the mirrors prepared on both the cold and heated
substrates was evaluated by holding them in a climatic chamber (temperature
40° C, relative humidity 98%) and in running water. After 10 hours in the
chamber, none of the mirrors studied had changed its mechanical strength or
optical characteristics.

Thus moisture-resistant and and mechanically strong broad-band mirrors based
on Ti0p-510p applied to heated and unheated substrates have been prepared
using the vacuum method.

From analysis of the relatively high scattering coefficients of the mirrors
we may conclude that these values are primarily determined by the number of
layers in the system rather than by the high temperature of the substrate.

In addition, the scattering level in the Ti0, layers is significantly lower
than in layers manufactured by the cathode [§] or high-frequency [9] methods,
with comparable optical and mechanical characteristics. This attests to the
advantages of the ‘reactive method of producing the TiOp layers. The search
for ways of decreasing the light scattering will continue.
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uDc 531.717.8:778.38
MEASURING RADIT OF CURVATURE AND LOCAL DISTORTIONS OF MIRROR SURFACES
Leningrad OPTIKO-MEKHANICHESKAYA PROMYSHLENNOST' in Russian No 9, 1978 pp 56-58
[Article by M. L. Gurari, A. P. Golikov and S. I. Prytkov]

[Text] Radil of curvature and local distortions of optical
mirror surfuces are measured without using high-quality
optics by the holographicshearinginterferometer, whose
size does not depend on the curvature of the mirror being
studied.

The problem of accurate measurement of radii of curvature and defects of shape
in the surfaces of mirrors in optical components using interference methods
{1] becomes muchmore difficult as the dimensions and radii of curvature of the
mirrors increase.

The contact interferometric methods which are in broad use under production
conditions (e.g. the test glass method) produce greater errors as the dimen~-
sions of the mirrors increase, necessitating frequent readjustment of the
etalon.

In non-contact interference instruments, such as the Twyman-Green unequal-path
interferometer [2], shear interferometers or scatter-screen interferometers
[3-6], the base of the measuring device typically depends on the radius of
curvature of the mirror being tested, so that the possibility of testing

large mirrors with increasing radii of curvature is 1limited by the increasing
role of vibration, air currents and the like. Testing of convex mirrors under
similar conditions requires large-diameter matching objectives, whose precis-
ijon manufacture is troublesome.

The possibility offered by holographic interferometry of comparing wavefronts
of any form recorded at different moments of time has made it possible to de-
velop a method of precise measurement of radii of curvature and surface shapes
of large mirrors using a device of relatively small dimensions and independ-
ently of the value or sign of the radius of curvature of the mirrors.

74
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010033-3



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100010033-3

FOR OFFICIAL USE ONLY

A schematic of the measuring device is given in Fig., 1. The mirror vo be
tested 18 mounted on a movable dolly, enabling it to be gradually moved along
or perpendicular to the optical axis or to be turned relative to the apex. A
diffuser, covering the aperture of the mirror to be tested, is placed before
the mirror at as small a distance as possible. The main requirement for the
diffuser 18 that the intensity of diffusion of the scattered component of the
radiation be less that the intensity of the wave passing through it without
scattering. The mirror is illuminated through the diffuser by a divergent
beam from a coherent point source located on the optical axis of the mirror.
The radiation reflected from the mirror passes through the diffuser in the
reverse direction, falls on a photographic plate and serves as the object
beam in the recording of the hologram. The entire unit is mounted on an
anti~-vibration platform whose dimensions are determined primarily by the re-
quirement of optimal illumination and coverage of the mirror by the diffuser.

While the hologram is being produced, the photo plate is not moved from its
exposure position. The diffuser surface is viewed through the hologram that
has been obtained. The mirror beuing tested is moved from its initial posi-
tion, producing an interference pattern located in the plane of the diffuser
and recordable behind the hologram. The shape and period of the fringes in
the interference pattern contain information about the radius of curvature
and the shape of the mirror surface.

The observable interference pattern is produced primarily by the component of
the initial illuminating beam which passes through the diffuser without scat-
tering, is reflected from the mirror surface and is scattered as it passes
back through the diffuser. Two such waves are observed simultaneously: one

is recorded on the hologram, and the other is observed directly and corresponds
to the mirror in its shifted position. It can be shown that the observable
pattern is equivalent to the interference pattern in the diffuser produced by
waves from two identical sources: images of the illumination source in the
mirror in the initial and shifted positions. During testing of a spherical
mirror this pattern has the form of equidistant straight lines with a period

_ MR , 2[R
= (E )

where A is the size of the transverse shift (perpendicular to the axis) of

the mirror, R is the radius of curvature of the mirror, and z5 and zg are the
distances along the axis from the mirror to the diffuser and the source respect-
ively. When the diffuser is close to the mirror (zq/zs-e 0) the formula is
simpler:

~
0=

]

High measurement accuracy is obtained by employing a compensation procedure
in which successive transverse and longitudinal (along the axis) shifts of the
mirror are made along with a compensating rotation of the mirror in the plane
which contains the optical axis and the vector of transverse movement, with
the total spatial shift of the mirror equivalent to its rotation with respect
to its own center of curvature. In this case local surface nonuniformities
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2 Fig. 1. Diagram of Holographic Shear Inter-
ferometer with Diffuser.

Key: 1. Beam splitter
2. LG-38 laser

3. Mirror

L4, Etalon

5. Adjutment unit
6. Diffuser

T. Polaroid

8. Hologran

are observed in the same way as in shear interfercmeters [T7], while the radius
of curvature is determined from the measured sizes of the movements:

A
R=+,

where O is the angle of the compensating rotation.

Highly accurate measuvrement of the transverse shift presents no difficulty,

- since its size is specified in the experiment more or less as desired. The
corresponding angles of compensatory rotation are generally very small. Since
it is difficult to measure them with a high degree of accuracy, in order to
measure the radius of curvature a small diemeter standard mirror mounted to-
gether with the mirror under test was used.

The difference in radii of curvature results in a difference in the interfer~
ence patterns observed on the two mirrors after an identical shift of position.
This makes it possible to calculate the difference in radii of curvature be-

- tween the two mirrors without measuring the compensatory angle and increases
the accuracy of measurement of the mirror under test.

Measurements were conducted on a series of mirrors with diameters up to 220 mm
and with radii of curvature from +10 to -30 meters on a stand about 180 cm
long. At the same time these mirrors were tested on an unequal-path Twyman-
Green interferometer (aperture 150 mm), measuring their radii of curvature
with an aubocollimation system. Within the limits of accuracy of measurement
on the autocollimation stand -(for R=20 meters the relative error of measure-
ment was 0.5%) no discrepancy petween the measurement results was observable.

Fig. 2 shows the interferogram obtained for one of the mirrors in the series
(diameter 200 m, radius of curvature -18 m) made for the purpose of measuring
local nonuniformities of shape. The measurements were made with tuning to the
finite-width fringes [nastroyka na polosy konechnoy shiriny] parallel to the
vector of the transverse shift; the shift was 27 mm. A strong deviation of
the fringes in the peripheral section of the mirror corresponds to a wave ab-
erration of ~ 0.1 microns neasured with the Twyman-Green interferometer.

Thus measurement of the radii of curvature of large mirrors and local nonuni-
formities on their surfaces by the above method is carried out with a compact

device whose dimensions do not depend on the sign and size of the radius of
curvature. 76
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Fig. 3. Shearing Interferogram of a Spherical Mirror with Diameter 200 mm
and Radius of Curvature 18,000 mm.

The method is advantageous for testing convex mirrors and small-curvature con-
cave mirrors with radii of curvature ranging from several meters to several
dozen meters with a surface reflectivity greater than 20%. The universal
method of illuminating all mirrors by a divergent spherical wave from a fixed
point source renders the above method suitable for testing of mirrors over

an extensive range of diameters. The upper limit on the diameters stems from
the requirement for ease of illumination and observation, coherence of the
radiation in the mirror aperture and simplicity of interpretation of the in-
terferograms. With source coherent length 1, for example, and & distance L
between the diffuser and the hologram, it is theoretically possible to conduct
measurements on mirrors with diameters up to

ool + &,

With the LG-38 laser used in the experiment, the coherent length of which is &
30 cm, and a platform length L =~ 200 cm, it is possible to measure mirrors
with diameters up to 220 ecm. Mirrors up to 50 cm have been measured in prac-
tice. With a laser beam output power of 0.03 W, the delay required to pro-
duce the hologram was 100 seconds {a VR-L Mikrat photoplate was used with a
radiation wavelength of 0.6328 microns). It would be possible to decrease
the exposure time to several seconds by switching to other types of lasers,
for example an argon laser with a beam power of 1 W. Using the above method,
the measurement of local surface nonuniformities can be carried out with an
accuracy approximating that of shearing interferometry. An accuracy of about
0.1 percent was attained in experimental measurements of radii of curvature.
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UDC 548.0:535:771.36
AN ELECTROOPTICAL MODULATOR WITH SMALL NONACTIVE LOSSES

Leningrad OPTIKO~-MEKHANICHESKAYA PROMYSHLENNOST' in Russian No 9, 1978
pp 71~72

[Article by T. A. Kuzovkova]

[Text] Decreasing non-active losses in the Pockels cells used to modulate
light and to control laser generation is a pressing problem of electrooptics.
The effort to solve it has stimulated both a search for new types of electro-
optical crystals with low absorptivity [1]) and the search for new cell de-
signs using short modulating elements.

In some modulators based on the longitudinal Pockels effect in crystals of the
KDP and DKDP types (2], the lenght of the modulation element is chosen as
2.5-3 times the diameter. This is because with strip electrodes this is the
only way to assure uniform transmission of light in cross section [3].

In order to decrease the length of the modulator element we attempted to con-
centrate the electrical field in a narrow section of the crystal by using

wide tubular electrodes enclosing the lateral surface of the crystal and pro-
truding beyond it for a distance approximately equal to the diameter of the
crystal. The gap between the electrodes is chosen with reference to the ne-
cessity of maintaining its resistance to breskdown. Here the projecting parts
of the electrodes screen the ends of the crystal from effects of the potential
in the surrounding space. As a result the electrostatic field is concentrated
in & smaller volume than if the electrodes did not project.

The concentration of the field can be strengthened even more if the parts of
the electrodes projecting beyond the crystal are galvanically separated from
the electrodes on the crystal and given a charge opposite to that of the ad-
Joining electrode.

Fig. 1. presents a cross~sectional diagram of the modulation element with
‘electrodes protruding beyond its end. Fig. 2 illustrates the calculated dis-
tribution of residual transmissivity T of the modulator using a KDP cfystal
and with a length-to-breadth ratio of 1.5.
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Fig. 1. Electrooptical Modulatox

Key: 1. Crystal

2,3, Electrodes

b, High-voltage [dielectric]
compound

Fig., 2. Transmissivity of
Ilectrooptical Modulator Across
Transverse Section of Crystal
(ordinate: Normalized radius R/R,)

Experimental testing of this modulator indicates that the length of the elec-
trooptical crystal can be decreased to 2/3-1/2 of that in existing designs,
and confiems that the projecting parts of the electrodes effectively influence
light transmission. Jith a length-to-breadth ratio of 1.5 for a KDP crystal,
for example, and a residual transmissivity through the center of 1% in the
off state, the use of protruding electrodes decreased transmissivity by an
order of magnitude.

In conclusion we note that when single-polarity voltage pulses are fed to the
modulator located inside a grounded screen, the grounded part does not need
to be screened from the end of the projecting electrode.
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UDC 539.1.074
AN INFRARED RADIOMETER BASED ON A GALLIUM ARSENIDE INJECTION PHOTODIODE

Leningrad OPTIKO-MEKHANICHESKAYA PROMYSHLENNOST' in Russian No 9, 1978 pp 72-73

(Article by Yu. A. Abramyan, I. D. Anisimova, V. P. Kalyayeva, E. G. Mirza-
bekyan, I. I. Mikhaylov, R. G. Simonyan and V. I. Stafeyev]

[Text] One method of detecting infrared radiation and measuring its intensity
against a background of noise which is several orders of magnitude greater
than the signal is a radiometer whose detection range is governed by an input
photodetector. In the spectral range of 0.7-0.95 microns, the photodetectors
most commonly used for radiometers are gallium arsenide injection photodiodes.
We used photodiodes with a pin structure, where the i region is high-resistance
gallium arsenide doped with chromium. These photodiodes work with a forward
bias, acting as internal amplification photodetectors, and have little noise
and an integral sensitivity in the hundreds of milliamperes per lumen.

A schematic of the modulating radiometer developed by us is given in the fig-
ure. The radiation is modulated and focused by an optical system on the sur-
face of the gallium arsenide photodetector. An FDK-1 photodiode and an AL1OTA
light-emitting diode, used to produce the reference signal, are located op-
posite each other on the two sides of the rotating disk. The phases of the
reference signal and the signal arriving at the gallium arsenide photodetector
are adjusted precisely by shifting the FDK-1 and the ALLOTA relative to the
opening in the radiation modulator. The inner surface of the modulator with
the abovementioned components is blackened.

The electrical signal from the photodetector passes to the input of a preamp-
lifier useing a KPZ0ZYe field transistor. With an input resistance of 10
megohms, the preamplifier noise arriving at the input is 15-1T7 microvolts.
After preamplification and the subsequant amplification stage the signal ar-
rives at the input of a synchronous integrator which acts as a comb filter,
its tuning freqeuncy being determined by the reference signal frequency. The
synchronous integrator is switched by a square-wave reference voltage ob-
tained by amplifying and shaping the output signal of the FDK~1 and AL10TA
pair. Silicon transistors in a 1KTOllA integrated circuit are used as a key.
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Diagram of IR Radiometer.

Phase detector

Matching output stage
Reference signal amplifier
Reference pulse shuper

Key: 1. IR radiation modulator
5, Low-noise preamplifier

3. First amplification stage

k. Synchronous integrator

5, Second amplification stage

O OIS

Next, after amplification by a K284UDLV operational amplifier with negative
feedback for stabilization of the gain, the signal passes through a phase
conversion stege and bthe required emitter repeaters and is fed to the input

of a phase detector based on a differential amplifier stage with a current
stabilizing transistor (K1UT221B). To trigger the phase detector, a reference
voltage is also fed to the K1U221B microcircuit. The utilization of the syn-
chronous detector is Justified by its good selectivity and its transmission
coefficient greater than 1 [2].

The signal from the output of the phase detector is fed via a differential
emitter repeater (a 1NT591A microcircuit) to the output for recording by a
KSP-4 recorder with a 10-microvolt full-scale deflection. The radiometer
- time constant is 2-3 seconds. The threshold sensitivity in recording is
1.5.10-15 w-Hz-1/2 (using a photodiode cooled to 77° K). The threshold
sensitivity of the rediometer with an uncooled photodiode is 3 - 1077 W-Hz
An LED with a wavelength of 0.8 microns was used as the radiation source.

-1/2,

The use of recently-developed injection diodes with a threshold sensitivity of
5.10-16 w-Hz"1/2 (at 77° K) in the radiometer will improve its threshold
sensitivity.
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